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Abstract 
This thesis aims to study the generated diversity of three random mutagenesis 
libraries (epPCR with a low and a high mutational frequency, and SeSaM-Tv P/P), 
and contribute to the understanding of lipase-ionic liquid (IL) interactions through 
experimental and computational studies. The lipase A from Bacillus subtilis (BSLA) 
was selected as a model enzyme. The thesis is divided into three chapters. Chapter I 
focuses on a statistical analysis of the sampled diversity of three random 
mutagenesis libraries of bsla by sequencing 3000 mutations (1000 mutations per 
library). In Chapter II, the IL-resistant/activated BSLA variants were identified by a 
combination of random mutagenesis and site saturation mutagenesis methods. The 
selected improved BSLA variants and their respective single/double variants were 
purified and characterized in five different IL-aqueous mixtures. Chapter III reports 
the molecular dynamics (MD) simulations of fifty IL-resistant BSLA single variants in 
15 vol% [C4mim][TfO] and water systems. Ten non-resistant BSLA variants were also 
simulated as references. The important properties that can differentiate the resistant 
and non-resistant BSLA single variants with wild-type were analyzed. 
In Chapter I, several lessons have been learnt on the diversity of epPCR-low, 
epPCR-high, and SeSaM-Tv P/P libraries from gene and protein levels: a) ~500 
nucleotide mutations are required for a valid statistical analysis; b) the sampled 
diversity in the random mutagenesis library with 1000 mutations was very low (1.8-
2.1 amino acid substitutions per residue; ~10% of natural diversity); c) unique 
substitutions from one amino acid to others are termed distinct amino acid 
substitutions. Thirty five percent of all theoretical distinct amino acid substitutions (in 
total 361 in the case of bsla) were found in SeSaM-Tv P/P library compared to 25% 
in epPCR-low and 26% in epPCR-high library; d) epPCR-low and epPCR-high 
methods generated similar amino acid substitution patterns, but complementary to 
substitutions obtained by SeSaM-Tv P/P. For instance, 45 out of 125 (36%) distinct 
amino acid substitutions found in SeSaM-Tv P/P were unobtainable by epPCR-low; 
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e) Seventy six percent of amino acid substitutions generated by SeSaM-Tv P/P were 
chemically different compared to 64% by epPCR-low and 69% by epPCR-high; f) 
chemically different amino acid substitutions seem to be favorable for BSLA 
resistance towards an IL, and more beneficial amino acid positions would be probed 
by a combination of SeSaM-Tv P/P with epPCR (two rounds of independent directed 
evolution experiments).  
In Chapter II, nine IL-resistant BSLA variants, especially an IL-activated triple variant 
M1 (M134N/N138S/L140S), were obtained by directed protein evolution. The specific 
activities and resistance of identified BSLA variants (M1: M134N/N138S/L140S and 
M2: M134R/L140S) and their respective single and double variants were determined 
in five 1-alkyl-3-methylimidazolium ([Cnmim]
+) based IL-aqueous mixtures 
([C4mim][TfO], [C2mim][TfO], [C4mim]Cl, [C4mim]Br, and [C4mim]I). For instance, 
purified variant M2 showed almost doubled specific activity (16.9 U/mg vs. 9.4 U/mg) 
and resistance (233% vs. 111%) at 9 vol% [C4mim][TfO] than that of purified wild-
type. Unexpectedly, the re-activation of variant M1 (not observed for wild-type) at 
high [C4mim]I concentration (> 18 vol%) was found. This phenomenon was explained 
by the cooperative effect of three surface amino acid substitutions (M134N, N138S, 
and L140S) near the substrate-binding cleft. Additionally, the presence of IL/substrate 
clusters under assay conditions was likely related with re-activation effect.  
In Chapter III, the following four important properties that can differentiate the 
resistant and non-resistant BSLA single variants from wild-type were identified based 
on an analysis of MD simulations: (a) hydrogen bond network of the catalytic triad; (b) 
polarity and shape of substrate-binding cleft; (c) protein hydration; and (d) 
hydrophobic interaction. The strengthened H-bond (S77-H156) is contributed to the 
improvement of BSLA resistance towards 15 vol% [C4mim][TfO]. The positively 
charged substrate-binding cleft (e.g. I12R) is favorable for IL resistance because it 
could reduce the residence probability of [C4mim]
+ cations near the cleft, allowing 
easier access of hydrophobic substrates. In contrast, a large nonpolar substitution 
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(e.g. I12F) can narrow or block the substrate-binding cleft through hydrophobic 
interaction with the neighboring nonpolar loop or π-π interaction with [C4mim]
+ 
cations. The resistant variants were characterized by their higher capability to retain 
the surface water molecules compared to wild-type and non-resistant variants. In 
addition, hydrophobic interaction would be a prominent factor for BSLA resistance in 
ILs when the mutated position is mainly surrounded by the nonpolar residues. 
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1. General introduction 
 
1.1 Bacillus subtilis lipase A (BSLA) 
Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) catalyze the hydrolysis and 
synthesis of long-chain acylglycerols, and trioleoylglycerol is the standard substrate 
(Arpigny and Jaeger 1999). They are ubiquitous in nature, including animals, plants, 
and microorganisms (D. Sharma 2011; Jaeger and Eggert 2002). Microbial lipases 
have attracted much attention in biotechnology because of their useful potentials. 
The lipase A from Bacillus subtilis (BSLA) is particularly interesting, since its 
molecular mass (19,348 Da, 181 amino acid residues) is much smaller than that of 
other lipases (van Pouderoyen et al. 2001). BSLA does not show interfacial activation 
in the presence of oil-water interfaces, likely due to the absence of a lid covering the 
active site (Dartois et al. 1992). Two other small α/β hydrolase fold enzymes without 
lids are known. They are cutinase e.g. from Fusarium solani (Martinez et al. 1992) 
and acetylxylan esterase from Penicillium purpurogenum (Ghosh et al. 1999). These 
enzymes have a solvent accessible active site, and an intact pre-formed oxyanion 
hole. In addition, BSLA is very tolerant to basic pH and has its optimum activity and 
stability at pH 10 and 12, respectively (Lesuisse et al. 1993). These unique 
characteristics make BSLA as a suitable model enzyme in many fields, especially for 
investigations of protein structure–function relationship. 
Till now, several crystal structures of BSLA have been obtained under different 
conditions, such as PDB code 1I6W, crystallized at pH 10.0 (van Pouderoyen et al. 
2001); 1ISP, pH 8.7 (Kawasaki et al. 2002); 2QXU, pH 5.0 (Rajakumara et al. 2008); 
2QXT, pH 4.5 (Rajakumara et al. 2008); and 1R4Z/1R50, crystallized with covalently 
bound Rc/Sc-IPG-phosphonate-inhibitor (Droge et al. 2006). As shown in Figure 1a, 
BSLA shows a single compact domain with α/β hydrolase fold, as the other lipases of 
which the three-dimensional structures have been elucidated. The structure consists 
of six parallel β-sheets, surrounded by α-helices. There are two α-helices on one side 
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of the β-sheet and three on the other side (van Pouderoyen et al. 2001). Three 
catalytic triad residues (S77, D133 and H156) and two oxyanion hole-forming 
residues (I12 and M78) are in positions similar to those of other lipases with known 
structures (van Pouderoyen et al. 2001). Figure 1b shows the H-bond network of 
active site and the pre-formed oxyanion hole. The substrate-binding residues of 
BSLA are shown in Figure 2. 
 
Figure 1 Structure of BSLA and H-bond network of active site. (a) crystal structure of BSLA 
(PDB code: 1I6W, chain A), catalytic triad (S77, D133 and H156) are represented in stick; (b) 
the water molecule (Wat), which is incorporated in the oxyanion hole pre-formed by I12 and 
M78, is shown by stick with hydrogens. Hydrogen bonds are represented by dashed lines. 
The H-bond network of catalytic triad: S77-H156 (hydroxyl oxygen of S77 and imidazole 
nitrogen of H156), and D133-H156 (carboxylate oxygen of D133 and imidazole nitrogen of 
H156). 
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Figure 2 Substrate-binding residues of BSLA, PDB code: 1R4Z (a), and surface of BSLA 
lipase (b). The substrate-binding residues (G11, I12, G13, G14, N18, H76, S77, M78, A105, 
L108, I135, V136, L140, H156, I157, L160 and Y161) and catalytic residue S77 are 
represented by stick. The backbone and hydrogen atoms are not shown for clarity. The 
surface of substrate-binding residue is colored by element (carbon in orange, oxygen in red, 
nitrogen in blue, and sulfur in yellow, with the exception of carbon in S77 in green). 
1.2 Directed protein evolution 
The life in nature has evolved over billions of years and diversified through the 
process of natural selection. The principle behind the nature selection is “survival of 
the fittest”, which means the organisms have to be adapted to the living 
environments to survive. Therefore, the naturally occurring proteins have been well 
optimized to perform specific functions in aqueous solutions. However, efficient 
application of enzymes as industrial biocatalysts requires suitable enzymes with high 
activity, stability, selectivity, or even new catalytic functions under process conditions, 
which often differ significantly from their natural environments (Zhao et al. 2002). 
Unfortunately, naturally occurring enzymes often do not fulfill these requirements. 
Directed protein evolution has emerged as a widely applied method to tailor proteins 
in vitro for desired property over the past decades (Arnold 1996; Arnold and Moore 
1997). 
Directed evolution is the general term applied to describe the techniques for 
generation of protein variants and screening/selection of the improved variants with 
desired function. Directed evolution has been successful not only in improving 
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enzymes for applications in industrial process (Martinez et al. 2013; Shivange et al. 
2012; Torres-Salas et al. 2013; van Leeuwen et al. 2012), but also in generating 
variants that elucidate the relationship between enzyme sequences, structures, and 
functions (Kuper et al. 2007; Ruff et al. 2013; Shehzad et al. 2013). 
There are three steps in a typical directed protein evolution experiment (Figure 3): 
step 1, genetic diversity generation; step 2, screening or selection is carried out to 
identify the improved hits; step 3, improved variants can be used as parents for 
further rounds of diversity generation and screening/selection mimicking the natural 
process of Darwinian evolution (Tee and Schwaneberg 2007). The improvements of 
the desired enzyme property can be accumulated after several rounds of this 
approach. The screening of mutant libraries is usually carried out in 96-well microtiter 
plate (MTP) format in many reported directed evolution campaigns (Zhao et al. 
2014). The improved protein variants are often identified after screening of a few 
thousand clones (Arango Gutierrez et al. 2013; Dror et al. 2014; Lauchli et al. 2013; 
Liu et al. 2013; Tee and Schwaneberg 2007). Nowadays, one of the challenges in 
directed protein evolution is how to generate the desired diversity (Wong et al. 
2006b).  
 
Figure 3 Scheme of the three steps in a typical directed evolution experiment. Taken from 
(Tee and Schwaneberg 2007). 
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1.2.1 Random mutagenesis methods 
Random mutagenesis methods are commonly used for diversity generation (Ruff et 
al. 2013; Tee and Wong 2013). In random mutagenesis, the sequence of the gene is 
modified by introducing one or more single nucleotide mutations. As a result, the 
property of the variants often will not diverge far from their parents. If the mutation 
frequency is too low, the diversity in the resulting library may be insufficient, as quite 
often, it produces a high content of wild-type. On the other hand, if the mutation 
frequency is too high, more inactive variants will be produced and potentially 
advantageous nucleotide mutations may be silenced by a combination of deleterious 
mutations. Therefore, the mutation frequency is a very important parameter to study 
and tune in the random mutagenesis experiments (Li et al. 2007). Note that, 
considering the throughput of screening method and in order to avoid generating 
many inactive variants, a low mutation frequency is usually applied in most random 
mutagenesis experiments despite that improved hits are enriched in the high-error-
rate libraries (Drummond et al. 2005). 
1.2.1.1 Error-prone PCR (epPCR) 
Error-prone polymerase chain reaction (epPCR) based protocols are the most widely 
used random mutagenesis methods because of their robustness and simplicity 
(Labrou 2010). Typical epPCR protocols are modifications of standard PCR methods, 
and they are designed to increase the natural error rate of the DNA polymerase. 
However, studies (Wong et al. 2007a; Wong et al. 2007c; Wong et al. 2006b) 
reported that typical epPCR suffers from two fundamental limitations which severely 
compromise the generated diversity on the gene and protein levels: (a) often highly 
biased towards transitions (Ts), e.g. Taq DNA polymerase is biased towards 
(ATGC) mutations (LinGoerke et al. 1997), and Mutazyme DNA polymerase 
towards (GCAT) mutations (Cirino et al. 2003; Vanhercke et al. 2005); (b) lack of 
consecutive nucleotide mutations. Despite these limitations, the beneficial hits are 
often identified by performing several rounds of epPCR as shown in many studies 
(Chica et al. 2005; Jaeger and Eggert 2004; Johannes and Zhao 2006).  
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1.2.1.2 Sequence saturation mutagenesis (SeSaM) 
Several random mutagenesis methods have been introduced to compensate the 
epPCR bias (Minamoto et al. 2012; Ruff et al. 2012; Wong et al. 2004). Among these, 
Sequence Saturation Mutagenesis (SeSaM) is a novel method that randomizes a 
gene sequence at every nucleotide position (Mundhada et al. 2011; Ruff et al. 2012; 
Wong et al. 2008; Wong et al. 2004). A transversion-enriched sequence saturation 
mutagenesis (SeSaM-Tv+) protocol (Wong et al. 2008) is designed to offer a bias that 
is complementary to typical epPCR, for example it is enriched in transversions (Tv). 
In addition, the occurrence frequency of consecutive nucleotide mutations is 
significantly increased compared to epPCR, which enlarges the diversity greatly 
(Wong et al. 2007b). Thus, a mutant library with a higher diversity could be expected 
by using SeSaM-Tv+ or SeSaM-Tv P/P (recombination of SeSaM forward P-libraries 
with the SeSaM reverse P-libraries, see Figure 4) (Zhao et al. 2014) method 
compared to the typical epPCR protocols. The differences between SeSaM-Tv+ and 
SeSaM-Tv P/P protocols are shown in Figure 4. 
 
Figure 4 Difference between SeSaM-Tv
+
 and SeSaM-Tv P/P. In SeSaM-Tv
+
 protocol only 
one fragment library is elongated against long template in step 3 therefore only one desired 
mutation per gene is observed. In SeSaM-Tv P/P protocol forward and reverse fragment 
libraries are elongated against each other (recombination). Adapted from (Mundhada 2011). 
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1.2.1.3 Evaluation of random mutagenesis methods 
Several computer programs (Verma et al. 2012; Volles and Lansbury 2005; Wong et 
al. 2006a) and articles (Rasila et al., 2009; Tee and Wong 2013) have been reported 
to evaluate and compare the existing random mutagenesis methods. Rasila et al. 
(Rasila et al. 2009) reports an analysis of epPCR methods (Taq and Mutazyme II 
DNA polymerase), a chemical method (hydroxylamine hydrochloride), and the 
mutator strain (Escherichia coli XL1-Red) by sequencing of 10 to 182 mutations (15 
to 27 clones) per library. The mutation frequencies and Ts/Tv bias of the 
aforementioned methods were determined in their analysis.  
An online program MAP (mutagenesis assistant program; http://map.jacobs-
university.de/map3d.html) (Verma et al. 2012; Wong et al. 2006a) has been 
developed for evaluating the performance of various random mutagenesis methods. 
Instead of the Ts/Tv bias indicator, MAP proposed three indicators for evaluating the 
diversity of a mutant library on protein level by predicting probabilities of obtainable 
amino acid substitutions (Wong et al. 2006a): (a) protein structure indicator (fraction 
of stop codons, Gly/Pro). A nucleotide mutation generating a stop codon results in a 
truncated protein variant that often loses its activity. In addition, Gly or Pro 
substitutions often destabilize helical structures and change the local flexibility. Thus, 
to limit the fraction of stop codons and Gly/Pro substitutions is an important 
performance criterion of a random mutagenesis method; (b) amino acid diversity 
indicator (fraction of synonymous mutations and the average number of amino acid 
substitutions per residue); and (c) chemical diversity indicator (information on the 
chemical diversity of the obtained amino acid substitutions). 
1.2.2 Site saturation mutagenesis 
In order to further improve the desired protein property, site saturation mutagenesis 
(SSM) method is often used to mutate the interesting positions which are previously 
identified from experimental (e.g. random mutagenesis libraries) or computational 
study (e.g. rational design) (Ruff et al. 2013).  
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QuikChange, one of the most frequently used methods for focused mutagenesis, 
bypasses the conventional restriction enzyme digestion and ligation (Hogrefe et al. 
2002). However, QuikChange has some drawbacks due to its primer design (Tee 
and Wong 2013), e.g. primer-dimer formation is favored since the mutagenic primers 
are complementary to each other, resulting in lower efficiency.  
The OmniChange method (Dennig et al. 2014; Dennig et al. 2011) can 
simultaneously saturate multiple codons (up to five) in a protein, independently from 
their locations on the gene sequence. Compared to the traditional restriction-ligation 
cloning method, OmniChange is based on standard PCR, and omits restriction 
enzyme digestion and ligation. High diversity at individual positions (NNK codons, 
84.4% of the theoretical diversity), and high transformation efficiency (2.2 x 104 
cfu·μg DNA-1) were obtained in the case of a phytase library (Dennig et al. 2011). 
Overall, OmniChange fulfills the requirements in terms of robustness and simplicity, 
and it becomes a successful method for multiple SSM (three recent examples 
(Dudek et al. 2014; Gutierrez et al. 2013; Shivange et al. 2014)).  
1.2.3 Directed evolution of BSLA  
Directed evolution has been successful in tailoring BSLA properties, e.g. activity 
(Kumar et al. 2014), thermostability (Ahmad et al. 2008; Ahmad et al. 2012; Ahmad 
and Rao 2009; Augustyniak et al. 2012; Reetz et al. 2006; Reetz et al. 2009), and 
organic solvent tolerance (Yedavalli and Rao 2013). Kamal et al. (Kamal et al. 2011) 
engineered BSLA for improved thermostability over several generations using 
random mutagenesis and recombination. After three rounds of random mutagenesis, 
twelve amino acid substitutions (A15S, F17S, A20E, N89Y, G111D, L114P, A132D, 
M134E, M137P, I157M, S163P and N166Y, see Figure 5a) having a positive role in 
improving BSLA thermostability were identified. These substitutions were then 
recombined to yield a highly thermostable variant of lipase, 6B. The melting 
temperature (Tm) and optimum activity temperature of 6B is 78°C and 65°C, 
respectively, which is ∼22°C and 30°C higher than that of BSLA wild-type. Reetz et 
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al. (Reetz et al. 2006) mutated the residues with the highest average B-factor (B-FIT 
method) corresponding to flexible sites using iterative saturation mutagenesis, and 
improved variant XI (R33G/K112D/M134D/Y139C/I157M, see Figure 5a) was 
identified. However, biophysical and biochemical characterization showed that the 
reduced precipitation rather than increased conformational stability of the improved 
variant seems to be responsible for the retained activity (Augustyniak et al. 2012). In 
another study (Yedavalli and Rao 2013), all 91 amino acids of the BSLA loops were 
mutated using SSM to identify substitutions that improve the stability and activity of 
BSLA in dimethyl sulfoxide (DMSO) aqueous mixtures. As a result, six amino acid 
substitutions were identified and combined (I12L, W42L, A68S, P119S, Y139K, and 
L140F, see Figure 5b). The resulting variant 6SR showed eight-fold higher catalytic 
turnover in 60% DMSO.  
 
Figure 5 Location of the reported beneficial residues on BSLA crystal structure, PDB code: 
1I6W, chain A. (a) thermostable residues of variant 6B (A15S, F17S, A20E, N89Y, G111D, 
L114P, A132D, M134E, M137P, I157M, S163P and N166Y), variant XI (R33G, K112D, 
M134D, Y139C, I157M) and catalytic residue S77 are colored in magenta, orange and green, 
respectively. Two positions (M134 and I157) are observed in both variants 6B and XI; (b) 
residues in variant 6SR (I12L, W42L, A68S, P119S, Y139K, and L140F) that showed high 
activity in 60% DMSO are shown in yellow stick. 
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1.3 Ionic liquids 
1.3.1 Properties of ionic liquids 
Ionic liquids (ILs) are ionic compounds typically consisting of a large organic cation 
with an organic or inorganic anion, with melting points below 373 K (below room 
temperature in many cases) (Rodrigues et al. 2011). ILs have unique characteristics 
including negligible vapor pressure, non-flammability, high ionic conductivity, 
chemical and thermal stability (Yang et al. 2009; Zhang et al. 2006). Owing to their 
specific properties, ILs are now receiving a great deal of attention as an alternative to 
conventional organic solvents. 
One major advantage of using ILs as the reaction media is that their chemical and 
physical properties can be finely tuned by change/modification of either the cation or 
anion or both (Moniruzzaman et al. 2010). Therefore, ILs have been recognized as 
“designer-solvents” (Newington et al. 2007). Some commonly used ILs are shown in 
Figure 6.  
 
Figure 6 Some commonly used ionic liquids. The abbreviation [Cnmpyr]
+
 represents the 1-
alkyl-1-methylpyrrolidinium cation, in which the index n represents the number of carbon 
atoms in the linear alkyl chain. [Pwxyz]
+
, [Nwxyz]
+
 and [Sxyz]
+
 represent tetraalkylphosphonium, 
tetraalkylammonium and trialkylsulfonium cations, respectively, in which the indices w, x, y 
and z indicate the length of the corresponding linear alkyl chains. Taken from (Plechkova and 
Seddon 2008). 
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1.3.2 Aggregation of imidazolium-based ionic liquids  
One attractive property of ILs based on 1-alkyl-3-methylimidazolium cation ([Cnmim]
+) 
is their inherent amphiphilicity depending on the length of alkyl chain (Singh and 
Kumar 2007; Wang et al. 2007). The aggregation behavior of ILs in aqueous 
solutions has been widely reported (Blesic et al. 2007; Bowers et al. 2004; Mao and 
Zhu 2013; Miskolczy et al. 2004; Wang et al. 2007) (for reviews see (Chen et al. 
2014; Greaves and Drummond 2008; Luczak et al. 2008; Sintra et al. 2014).  
The aggregation of ILs is highly dependent on the specific systems, for instance, the 
type and concentration of ILs (e.g. alkyl chain length of cation and type of anion) 
(Singh and Kumar 2007), buffer type and concentration (Blesic et al. 2007; Wang et 
al. 2010), and other components in the mixture (e.g. reactants or proteins in enzyme-
catalyzed reactions) (Ventura et al. 2012). The presence of reactants or salts in IL-
water mixture often decreases the critical aggregation concentrations (CACs) of the 
ILs (Blesic et al. 2007; Ventura et al. 2012). In addition, for a given cation, the ability 
of anions to promote aggregation of the ILs often follows the order I– > Br– > Cl–, 
which can be explained by different hydration and binding capacity of them (Vaghela 
et al. 2011). The anion hydrophobicity of the added salts plays an important role in 
the salt effect of the IL aggregation in aqueous mixtures (Wang et al. 2010). 
Generally, larger sized hydrophobic anions are weakly hydrated and highly 
polarizable, and can bind more efficiently at the surface of the aggregates.  
Despite short alkyl chain ILs (n ≤ 4) such as [C4mim]Br and [C4mim]Cl are hard to 
form aggregates (Goodchild et al. 2007; Vaghela et al. 2011), nevertheless several 
studies reported that some [C4mim]
+ based ILs can form aggregates/clusters in water 
(e.g. [C4mim]Cl (Remsing et al. 2008; Singh and Kumar 2007), [C4mim][BF4] (Mao 
and Zhu 2013; Singh and Kumar 2007), and [C4mim][CH3SO4] (Modaressi et al. 
2007)) or even micelles (e.g. [C4mim][C8SO4] (Miskolczy et al. 2004)). The 
aggregates of some short alkyl chain ILs like [C4mim][N(CN)2] (Pei et al. 2010), 
[C4mim][C8SO4] (Singh et al. 2010), and [C4mim]I (Chen et al. 2011) were also 
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proved using transmission electron microscopy (TEM). Therefore, the question of 
whether short alkyl chain ILs (particularly [C4mim]
+ based ILs) can form aggregates 
or not is still open, and the aforementioned conditions (e.g. IL concentration, buffer 
system and other components) should be taken into account (Zhao et al. 2015). 
1.3.3 Critical aggregation concentration 
The CACs of ILs have been determined using various methods, such as surface 
tension (Vaghela et al. 2011), electrical conductivity (Vaghela et al. 2011; Wang et al. 
2010; Wang et al. 2008), 1H nuclear magnetic resonance (NMR) (Tourne-Peteilh et al. 
2011; Vaghela et al. 2011), fluorescence (Wang et al. 2008), static light scattering 
(SLS) (Vaghela et al. 2011), small-angle neutron scattering (SANS) (Bowers et al. 
2004), and apparent molar volumes (Wang et al. 2008; Wang et al. 2007). The CAC 
values of short alkyl chain ILs reported in literature are summarized in Table 1. 
Table 1 Critical aggregate concentration (mM) of short alkyl chain ionic liquids determined by 
various methods. 
IL Conductivity Surface tension Fluorescence Other method 
[C2mim]Br 1900 
(Goodchild et al. 
2007) 
2500 
(Goodchild et 
al. 2007) 
  
[C4mim][Ibu]  75 (Tourne-
Peteilh et al. 
2011) 
  72 (NMR) 
(Tourne-Peteilh 
et al. 2011) 
[C4mim]Cl  950±18 
(Vaghela et al. 
2011) 
1000±18 
(Vaghela et al. 
2011) 
800 (Singh 
and Kumar 
2007) 
950±19 (SLS) 
(Vaghela et al. 
2011) 
[C4mim]Br  722±23 
(Vaghela et al. 
2011) 
805±23 
(Vaghela et al. 
2011) 
 700±23 (SLS) 
(Vaghela et al. 
2011) 
[C4mim]I  697±28 
(Vaghela et al. 
2011) 
650±28 
(Vaghela et al. 
2011) 
 650±30 (SLS) 
(Vaghela et al. 
2011) 
[C4mim][BF4] 820±100 
(Bowers et al. 
2004) 
800±100 
(Bowers et al. 
2004) 
700 (Singh 
and Kumar 
2007) 
≤800 (SANS) 
(Bowers et al. 
2004) 
[C4mim][OctSO4] 31 (Miskolczy et 
al. 2004) 
40.5 (Bowers et 
al. 2004) 
31 (Miskolczy 
et al. 2004) 
 
 
1.3.4 Sizes of ionic liquid clusters 
The sizes of IL aggregates (typically 0.9–3 nm) have been determined using various 
methods, such as dynamic light scattering (DLS) (Moniruzzaman et al. 2008; Tourne-
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Peteilh et al. 2011; Wang et al. 2010), transmission electron microscopy (TEM) 
(Wang et al. 2008) and SANS (Goodchild et al. 2007). For instance, the size of 
[C8mim]Br aggregates was found to be 1–2 nm (Wang et al. 2008). Goodchild et al. 
(Goodchild et al. 2007) used SANS to study aggregate structure of [Cnmim]X (n = 2, 
4, 6, 8, 10; X = Cl, Br) in water. It was reported that at the concentrations just above 
CAC, [C8mim]
+- and [C10mim]
+- based ILs formed small near-spherical aggregates, 
which have core radii of 10.5 ± 0.5 Å and 13.2 ± 0.5 Å, respectively. At higher 
concentrations, the aggregates appear to grow, e.g. the aggregates of [C10mim]Br 
become increasingly elongated (prolate). In the case of [C6mim]
+, oblate aggregates 
with radius ~9 Å are formed at the CAC and that the radius increases at higher IL 
concentrations. 
The morphologies and sizes of [C8mim]X (X = Cl, Br, NO3, CH3COO and CF3COO), 
[C8mpyrr]Br, and 4 m-[C8pyr]Br aggregates in water were examined by using TEM 
and DLS (Wang et al. 2008). The investigated ILs were found to form spherical 
aggregates. Structures of the cations and anions have a weak effect on the 
morphology of aggregates, however they can change the size of aggregates (Wang 
et al. 2008). For instance, the size of the spherical aggregates of the ILs increases 
with enhancing hydrophobicity of the anions.  
1.3.5 Enzyme-catalyzed reactions in ionic liquid-aqueous mixtures 
The interest in performing enzyme-catalyzed reactions in IL systems has increased 
over the past decade (Gorke et al. 2010; Ha et al. 2013; Itoh et al. 2001; Lehmann et 
al. 2012; Liu et al. 2013; Madeira Lau et al. 2000; Schofer et al. 2001; Ventura et al. 
2012). This process may increase the substrate solubility, enhance the enzyme 
activity, improve the enzyme selectivity, or improve the suppression of side reactions 
(Kragl et al. 2002; Moniruzzaman et al. 2010; Park and Kazlauskas 2003).  
 
 
General introduction 
14 
 
Since most lipases are activated at the water-lipid interface (known as “interfacial 
activation”) (Verger 1997), interactions with amphiphilic molecules (e.g. imidazolium-
based ILs or surfactants) is likely to affect their catalytic performance (Goldfeder and 
Fishman 2014; Sintra et al. 2014). For instance, Ventura et al. (Ventura et al. 2012) 
reported that the activity of the Candida antarctica lipase B (CaLB) crude extract was 
activated up to sixfold at high concentrations of IL 1-decyl-3-methylimidazolium 
chloride ([C10mim]Cl). The activation effect was explained by the formation of 
[C10mim]Cl clusters at IL concentrations above critical micelle concentration (CMC). 
Interestingly, the presence of substrate p-nitrophenyl laurate (p-NFL) in the mixture 
dramatically reduced the CMC of [C10mim]Cl from 0.048 M to 0.015 M. Nevertheless, 
in their study, only CaLB wild-type in crude cell extract was tested in one IL 
[C10mim]Cl, making it is difficult to draw general conclusions about the significance of 
CaLB-IL interactions on CaLB activity. Note that, CaLB lipase does not have a typical 
“lid” (Salis et al. 2003), and it shows no interfacial activation towards p-nitrophenyl 
butyrate (pNPB) when exceeding the solubility limit of the substrate (Martinelle et al. 
1995). 
1.4 Molecular dynamics (MD) simulation of protein in ionic liquids 
MD simulations can describe the structural and dynamical changes of the enzymes in 
different solvents, and complement experiments with molecular-scale insights of the 
interactions between solvents and enzymes. Till now to my best knowledge there are 
only a few computational studies (Kim et al. 2014; Klahn et al. 2011a; Klahn et al. 
2011b; Latif et al. 2014; Micaelo and Soares 2008) that attempt to understand the 
effect of ILs on the structure and activity of enzymes. The main factors for protein 
activity or stability in IL/water mixtures identified in previous MD simulation studies 
are: (a) ion-protein contacts, particularly anion effect is dominant (Klahn et al. 2011b; 
Micaelo and Soares 2008); (b) water hydration (Micaelo and Soares 2008; Soares et 
al. 2003); (c) ions in the presence of core enzyme structure (Latif et al. 2014); (d) 
conformational changes of the active site cavity (Kim et al. 2014); and (e) trapping of 
cations in the substrate-binding pocket (Jaeger and Pfaendtner 2013).  
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Micaêlo and Soares (Micaelo and Soares 2008) simulated a cutinase in [C4mim][PF6] 
and [C4mim][NO3] with different water content. It was found that the cutinase was less 
stable in [C4mim][NO3] compared to [C4mim][PF6], due to the strong interaction of the 
[NO3]
– with the enzyme. In addition, more water molecules were retained at the 
enzyme surface in [C4mim][PF6] than [C4mim][NO3], suggesting that the remaining 
water might be helpful for cutinase stability. In another work (Latif et al. 2014), Latif et 
al. studied the properties of α-chymotrypsin in five different ILs. MD simulation results 
showed that Cl– penetrated into the enzyme core when solvated by a high 
concentration of [C4mim]Cl (85 w%), causing destabilization of the enzyme. A similar 
phenomenon was found for CaLB (Klahn et al. 2011b), that the protein core was 
directly destabilized by the presence of long hydrophobic alkyl chains. The 
conformational changes of CaLB active site due to disruption of the α-10 helix 
structure located at the entrance of the cavity were also demonstrated to be related 
to its activity by Kim and coworkers (Kim et al. 2014). Nevertheless, to the best of my 
knowledge, there is no computational study aiming to understand the influence of 
amino acid substitutions on lipase resistance towards ILs to date. 
1.5 Aim of the project 
The aim of this work was to study the diversity of three random mutagenesis libraries 
(epPCR with a low- and a high mutational frequency and SeSaM-Tv P/P), and 
contribute to the understanding of lipase-IL interactions through experimental and 
computational studies. This work is divided into three parts: the first part relates to the 
diversity of three directed evolution experiments learnt by an analysis of 3000 
mutations (1000 mutations per library). The BSLA was selected as a model enzyme. 
This analysis provided insights into the generated and screened diversity in the 
standard lab campaigns of directed protein evolution.  
The second part focuses on the engineering of BSLA for improved resistance 
towards ILs. The identified IL-resistant/activated lipase variants were purified, and 
their specific activities and resistance were determined in five different IL-aqueous 
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mixtures. The contribution of respective single or double variants on the improvement 
of IL-resistance was further analyzed.  
The third part aims to uncover how amino acid substitutions influence lipase 
resistance in an IL by a MD simulation study. In a related BioNoCo (Biocatalysis 
using non-conventional media) project, a site saturation mutagenesis library of bsla 
which covers natural diversity at each amino acid position was generated (181 
positions; 3439 unique single variants). The resistance of all BSLA single variants 
towards 15 vol% [C4mim][TfO] were measured. In this part, the important properties 
that differentiating the 50 most resistant (≥ 1.5-fold increase in resistance towards 15 
vol% [C4mim][TfO]) and 10 non-resistant BSLA single variants from wild-type have 
been elucidated based on MD simulation study. 
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2. Materials and Methods 
 
2.1 Materials 
All chemicals were of analytical grade or higher quality and purchased from 
AppliChem (Darmstadt, Germany), Sigma-Aldrich Chemie (Steinheim, Germany), or 
Carl Roth (Karlsruhe, Germany) unless specified. All oligonucleotides were 
purchased from Eurofins MWG Operon (Ebersberg, Germany) in lyophilized forms, 
and they were diluted in Milli-Q water (Millipore, Billerica, MA, USA) to a final 
concentration of 20 μM. Enzymes were purchased from New England Biolabs 
(Frankfurt, Germany) or Fermentas (St. Leon-Rot, Germany); PfuS polymerase 
(derived from the Pfu polymerase), 3D1 polymerase, and Taq polymerase were home 
made in the institute. Universal base analogue dPTPαS was provided by Biolog Life 
Science Institute (Bremen, Germany). PCRs were performed in 0.2 ml thin-walled 
PCR tubes from Sarstedt (Nuembrecht, Germany) employing a Mastercycler 
Gradient PCR-machine from Eppendorf (Hamburg, Germany). DNA was quantified 
by a NanoDrop photometer from NanoDrop Technologies (Wilmington, USA DE). 
DNA-sequencing was done at Eurofins MWG-Operon (Ebersberg, Germany) and 
GATC Biotech (Konstanz, Germany). The Protino® Ni-TED 2000 packed columns 
were purchased from Macherey–Nagel (Germany), and PD-10 desalting columns 
from GE Healthcare (Germany). The protein purity was determined by the 
Experion™ automated electrophoresis system (Bio-Rad). The absorbance at 410 nm 
was measured with a microplate reader, Tecan Infinite M200 Pro (Tecan Group Ltd., 
Switzerland).  
All studied ILs ([C4mim][TfO], [C2mim][TfO], [C4mim]Cl, [C4mim]Br, and [C4mim]I) 
were purchased from IoLiTec (Ionic Liquid Technologies, Germany) with mass 
fraction purity higher than 99%. Since [C4mim]Cl and [C4mim]Br were obtained as 
solid at room temperature, therefore they were dissolved by adding 8.6% (v/w) and 
10% (v/w) Milli-Q water before use (Zhao et al. 2015). DLS was employed to 
determine the size of aggregates formed in the IL-aqueous mixtures using a Nano-
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ZS, ZetaSizer from Malvern Instruments (particle size detection range: 0.3 nm to 10.0 
μm). The specific conductivities of the samples were measured at 298 K using a 
SevenCompact™ S230 from Mettler Toledo Instruments.  
2.2 Strains and plasmids 
E. coli DH5α [(supE44 ΔlacU169 Φ80 lacZΔM15) hsdR17 recA1 gyrA96 thi-1 relA1)] 
E. coli BL21(DE3) [F- ompT gal dcm lon hsdSB (rB- mB-) λ(DE3 [lacI lacUV5-T7 gege 1 
ind1 sam7 nin5])] 
pET-22b(+) Novagen (Cat. No. 69744-3), see Figure 7. 
 
The pET-22b(+) vector harboring bsla sequence was kindly supplied by Victorine 
Josiane Frauenkron-Machedjou. The pET-22b vector harboring an N-terminus 6 × 
His-tag and bsla sequence was supplied by Dr. Alexander Fulton from Prof. Karl-
Erich Jaeger group (Research Center Jülich). 
 
Figure 7 Vector map of pET-22b(+) vector from Novagen (Cat. No. 69744-3). The pET-22b(+) 
vector carrying an N-terminal pelB signal sequence for potential periplasmic localization. 
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2.3 Statistics and definitions 
Each nucleotide mutation in consecutive nucleotide mutations is considered as an 
individual mutation, e.g. TCCAGA counts as three mutations. Noteworthy, 
consecutive nucleotide mutations do not comprise solely of two mutations following 
each other, up to quadruple consecutive nucleotide mutations (e.g. AAATGGGG) 
have been obtained via SeSaM-Tv P/P (Zhao et al. 2014). 
The fractions of unique and duplicate mutated sequences were calculated according 
to the formulas below (Zhao et al. 2014): 
Unique mutated bsla sequences = (Nmut – Ndup) / Ntotal × 100% 
Duplicate mutated bsla sequences = Ndup / Ntotal × 100% 
Ndup: number of duplicate bsla sequences among the mutated sequences.  
Ntotal: number of sequenced bsla copies.  
Nmut: number of mutated sequences.  
For instance, ten mutated sequences (Nmut = 10) harboring the same nucleotide 
mutations count as one unique mutated sequence and nine duplicate mutated 
sequences (Ndup = 9). 
Considering the physic-chemical properties of amino acid side-chains and their 
structures, 20 naturally occurring amino acids were grouped into five categories: 
category 1, charged amino acids (D, E, H, K, R); category 2, polar amino acids (S, T, 
N, Q); category 3, aromatic amino acids (F, Y, W); category 4, aliphatic amino acids 
(A, V, L, I, M); and category 5, special cases (C which may form disulfide bonds; G 
and P which influence flexibility of proteins).  
The theoretical amino acid substitution pattern of a non-biased random mutagenesis 
method (every single nucleotide exchange occurs with an equal probability) was 
derived from the MAP2.03D online server (http://map.jacobs-university.de/map3d.html) 
(Verma et al. 2012). MAP2.03D determines the amino acid substitution patterns based 
on the assumption that single nucleotide mutation occurs in a codon. Three MAP 
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indicators (amino acid diversity indicator; protein structure indicator; and chemical 
diversity indicator) for epPCR-low, epPCR-high and SeSaM-Tv P/P were determined 
manually based on the experimental data including consideration of consecutive 
nucleotide mutations in a codon. Unique substitutions from one amino acid to others 
are termed distinct amino acid substitutions. The total number of possible distinct 
amino acid substitutions for the BSLA protein is 19 (amino acids; since cysteine is 
missing) × 19 (possible changes; since cysteine can be generated) = 361 (possible 
distinct amino acid substitutions). Sequence analysis was performed in a manner that 
mutations leading to frameshifts were excluded from statistical analysis of amimo 
acid substitutions. 
2.4 Molecular biology techniques 
2.4.1 Construction of random mutagenesis libraries 
The construction of epPCR-low, epPCR-high, and SeSaM-Tv P/P libraries has been 
described in the manuscript (Zhao et al. 2014) and shown in this section. 
2.4.1.1 epPCR library 
Two epPCR libraries with a low- and a high- mutational frequency (epPCR-low, and 
epPCR-high) were generated. The mutation frequency of the epPCR libraries was 
adjusted by changing the concentration of MnCl2. The PLICing (phosphorothioate-
based ligase-independent gene cloning) method was applied to clone the library 
(Blanusa et al. 2010). The epPCR libraries and pET-22b(+) vector backbone were 
amplified using the following phosphorothioate primers. Primers for amplification of 
epPCR libraries: P_InsF (5′-gctgaacacaatCCAGTCGTTATGGTTC-3′) and P_InsR 
(5′-cgggctttgttagCAGCCGGATCTCAG-3′). Primers for amplification of vector: 
P_VecF (5′-ctaacaaagcccgAAAGGAAGCTGAGTTG-3′) and P_VecR (5′-
attgtgttcagcGATATCCATG-GCCATC-3′). Among the primers, lower case letters 
indicate the locations of phosphorothioate bonds.  
For amplification of epPCR libraries, PCR solutions (50 μl) contained: 1× ThermoPol 
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buffer, 0.2 mM dNTP mix, 0.4 μM of each primer (P_InsF and P_InsR), 5 U Taq DNA 
polymerase, 50 ng of vector template, 0.1 mM and 0.3 mM MnCl2 were added for 
epPCR with a low mutation frequency (~1 amino acid per sequence) and epPCR with 
a high mutation frequency (~4 amino acids per sequence), respectively. PCR 
program: 95°C for 2 min (1 cycle); 95°C for 30 sec, 60°C for 30 sec, 72°C for 40 sec 
(35 cycles); 72°C for 5 min (1 cycle). 
For amplification of vector backbone, PCR solutions (50 μl) contained: 1× Phusion 
HF buffer, 0.2 mM dNTP mix, 0.4 μM of each primer (P_VecF and P_VecR), 2 U 
Phusion DNA polymerase, 10 ng pET-22b-empty vector. PCR program: 98°C for 2 
min (1 cycle); 98°C for 15 sec, 50°C for 30 sec, 72°C for 3 min 30 sec (20 cycles); 
72°C for 10 min (1 cycle).  
The PCR products were digested by DpnI (20 U, 37°C, over night), afterwards they 
were purified in preparation for cleavage and ligation which was carried out as 
previously described (Kardashliev et al. 2014). Subsequently, the ligation mixtures 
were transformed into chemically competent E. coli DH5α cells and plated on LBAMP 
agar plates. Single clones of each library were randomly picked and sent for 
sequencing. 
2.4.1.2 SeSaM-Tv P/P library 
The SeSaM-Tv P/P library was constructed according to the published SeSaM-Tv II 
protocol (Mundhada et al. 2011) with the following minor changes: (a) in SeSaM step 
1, the DNA fragments of Forward-G, Forward-A, Reverse-G, and Reverse-A libraries 
were separately generated; (b) in step 3, Forward-G, Forward-A, Reverse-G, and 
Reverse-A libraries were hybridized and elongated to full length gene by PCR, thus 
template-DNA was omitted. Afterwards the SeSaM-Tv P/P library was ligated to the 
pET-22b(+) vector by PLICing method as previously described (Kardashliev et al. 
2014). Subsequently, the ligation mixtures were transformed into chemically 
competent E. coli DH5α cells and plated on LBAMP agar plates. Single clones were 
randomly picked and sent for sequencing.  
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2.4.2 Construction of multiple site saturation mutagenesis (MSSM) 
libraries 
Two MSSM libraries, MSSM 138/140 (VDS codon) and MSSM 134/138/140 (MRW 
codon), were generated using QuikChange protocol. The used primers are shown in 
Table 2.  
Table 2 The primers used for construction of MSSM 138/140 (VDS codon) and MSSM 
134/138/140 (MRW codon) libraries. Adapted from (Zhao et al. 2015). 
Primer name Sequence (5′-3′) 
138/140_F GCCGATATGATTGTCATGVDSTACVDSTCAAGATTAGATGG 
138/140_R CCATCTAATCTTGASHBGTASHBCATGACAATCATATCGGC 
134/138/140_F CAGCAGTGCCGATMRWATTGTCATGMRWTACMRWTCAAGATTA
GATGGTG 
134/138/140_R CACCATCTAATCTTGAWYKGTAWYKCATGACAATWYKATCGGCA
CTGCTG 
 
PCR solutions (50 μl) contained: 1× Phusion buffer, 0.2 mM dNTP mix, 0.4 μM of 
each primer (forward primer and reverse primer), 2 U Phusion polymerase, 20 ng of 
pET22b-bsla vector template. PCR protocol: 98°C for 2 min (1 cycle); 98°C for 30 
sec, 60°C for 30 sec, 72°C for 3 min 30 sec (17 cycles); 72°C for 10 min (1 cycle). 
The PCR products were subjected to Dpn I digestion (10 U, 37oC, overnight) followed 
by heat inactivation (65oC for 20 min). The digested mixture was column purified by 
PCR purification kit, and the clean-up PCR products were then transformed of into E. 
coli DH5α competent cells. The diversity of the resulting libraries was determined by 
sequencing three clones per library that randomly selected (Table 3). 
Table 3 Diversity of the generated MSSM 138/140 and MSSM 134/138/140 libraries 
determined by sequencing three clones per library. 
Library Clone Amino acid substitutions 
MSSM 138/140 1 N138H/L140G 
2 N138G/L140G 
3 N138K/L140R 
MSSM 134/138/140 1 M134R/L140H 
2 N138H/L140G 
3 M134N/N138S/L140Y 
 
2.4.3 Construction of plasmids used for lipases purification 
The bsla mutant plasmids were constructed using QuikChange protocol. The pET22b 
plasmids with an N-terminal His-tag and bsla wild-type sequence were used as PCR 
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templates, and primers are shown in Table 4. The preparation of PCR mixture and 
PCR program was the same with that in section 2.4.2, with the exception that the 
annealing temperature was optimized for each case (55oC, 60oC, or 66oC in most 
cases). 
Table 4 The primers used for plasmid construction of selected variants M1 
(M134N/N138S/L140S), M2 (M134R/L140S) and their respective single or double variants. 
The mutated codons are highlighted in bold. Taken from (Zhao et al. 2015). 
Primer  Sequence (5′-3′) 
M1_F CAGCAGTGCCGATAATATTGTCATGAGTTACAGTTCAAGATTAGATGGTG 
M1_R CACCATCTAATCTTGAACTGTAACTCATGACAATATTATCGGCACTGCTG 
M1.1_F CAGCAGTGCCGATAATATTGTCATGAATTACTTATCAAGATTAGATGGTG 
M1.1_R CACCATCTAATCTTGATAAGTAATTCATGACAATATTATCGGCACTGCTG 
M1.2_F CAGCAGTGCCGATATGATTGTCATGAGTTACTTATCAAGATTAGATGGTG 
M1.2_R CACCATCTAATCTTGATAAGTAACTCATGACAATCATATCGGCACTGCTG 
M1.3_F CAGCAGTGCCGATATGATTGTCATGAATTACAGTTCAAGATTAGATGGTG 
M1.3_R CACCATCTAATCTTGAACTGTAATTCATGACAATCATATCGGCACTGCTG 
M1.4_F CAGCAGTGCCGATAATATTGTCATGAGTTACTTATCAAGATTAGATGGTG 
M1.4_R CACCATCTAATCTTGATAAGTAACTCATGACAATATTATCGGCACTGCTG 
M1.5_F CAGCAGTGCCGATATGATTGTCATGAGTTACAGTTCAAGATTAGATGGTG 
M1.5_R CACCATCTAATCTTGAACTGTAACTCATGACAATCATATCGGCACTGCTG 
M1.6_F CAGCAGTGCCGATAATATTGTCATGAATTACAGTTCAAGATTAGATGGTG 
M1.6_R CACCATCTAATCTTGAACTGTAATTCATGACAATATTATCGGCACTGCTG 
M2_F CAGCAGTGCCGATCGAATTGTCATGAATTACAGTTCAAGATTAGATGGTG 
M2_R CACCATCTAATCTTGAACTGTAATTCATGACAATTCGATCGGCACTGCTG 
M2.1_F CAGCAGTGCCGATCGAATTGTCATGAATTACTTATCAAGATTAGATGGTG 
M2.1_R CACCATCTAATCTTGATAAGTAATTCATGACAATTCGATCGGCACTGCTG 
 
2.4.4 Transformation of plasmid constructs to E. coli 
Chemically competent E. coli DH5α and E. coli BL21-Gold (DE3) cells prepared in-
house (3 × 107 and 6 × 105 cfu μg−1 pUC19) were used as hosts for DNA 
manipulation and recombinant protein expression. Transformation of plasmids into E. 
coli cells were carried out as standard heat shock transformation protocol (Inoue et al. 
1990). If the number of transformants was too low, the plasmids were firstly 
transformed into E. coli DH5α, then recovered and re-transformed to the expression 
host E. coli BL21. In all cases ampicillin (Amp) at 100 μg mL-1 was used as antibiotic.  
2.5 Protein chemistry techniques 
2.5.1 BSLA expression in 96-well microtiter plates 
Figure 8 shows the procedure of BSLA expression in 96-well microtiter plates. After 
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transformation of the plasmid mutant library (e.g. epPCR library) into E. coli BL21, 
single colonies were grown on tributyrin LBAMP agar plates. For each MTP (150 μl 
LBAMP medium per well; 5 g/L yeast extract, 10 g/L tryptone, 10 g/L NaCl), 91 halo-
forming clones, three BSLA wild-type and two empty vector clones were picked. The 
MTPs were incubated at 37°C (70% humidity, 900 rpm) for 16 h in an Infors microtiter 
plate shaker. Subsequently, the plates were stored as master plates at -80°C after 
addition of 50 μl of 50% (v/v) sterile glycerol to each well. For expression of the BSLA 
lipases, each master plate was thawed, replicated into a new flat bottom 96-well MTP 
(150 μl LBAMP medium per well) using a replicator, and cultivated at 37°C for 24 h 
(70% humidity, 900 rpm). Afterwards the pre-cultures were replicated into a new V-
bottom 96-well MTP containing a modified auto-induction medium supplemented with 
ampicillin (150 μl per well). The compositions of auto-induction medium (1 L): 12 g 
caseinhydrolysate (Roth), 24 g yeast extract (Merck), 5 g glycerol (Roth), 90 ml 
K2HPO4 / KH2PO4 (Roth), 10 ml 50 g/L glucose (Biochemica), 100 ml 20 g/L α-
lactose monohydrate. The expression was stopped after 16 h (30°C, 70% humidity, 
900 rpm). The OD600 values were measured using a microplate reader, Tecan Infinite 
M200 Pro. Due to the pelB-signal sequence in the pET-22b(+) vector enabling the 
translocation of the lipase in the periplasma, the BSLA lipase is secreted into the 
culture. Therefore, the supernatant was harvested by centrifugation (4°C, 4000 × g, 
20 min) and used for activity measurements. 
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Figure 8 Expression of BSLA in 96-well microtiter plate. Taken from (Zhao et al. 2015). 
2.5.2 Activity assay in 96-well microtiter plates 
The activity assay in 96-well MTP has been described in the manuscript (Zhao 
et al. 2015) and shown in this section. 
The activity of lipase (supernatant or purified lipase) was measured in MTP 
based on photometric assay of the released p-nitrophenol (substrate: pNPB) 
detected at 410 nm (A410). The reaction mixture in MTP per well was prepared 
by addition of 90 μl of triethanolamine (TEA) buffer (50 mM, pH 7.5) and IL 
mixture (with varying IL content) to 10 μl of lipase solution (supernatant of 
culture or 240 ng of purified lipase). The MTP was incubated at room 
temperature for 2 h (900 rpm). Subsequently, 100 μl of the pre-cooled 
substrate solution (pNPB final concentration: 0.5 mM, 10 vol% acetonitrile and 
90 vol% TEA buffer) was added. The A410 values were measured for 8 min. 
One unit (U) of enzyme activity was defined as the amount of enzyme 
releasing 1.0 µmol of p-nitrophenol per minute under assay conditions. The 
volume fraction used throughout this thesis corresponds to the IL concentration 
at which the lipase incubated, and it is reduced to half for the measurement 
(Zhao et al. 2015). 
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2.5.3 Screening strategy for ionic liquid-resistant BSLA variants 
The screening strategy for ionic liquid-resistant BSLA variants has been 
described in the manuscript (Zhao et al. 2015) and shown in this section. 
The mutant libraries of BSLA were pre-screened for activity on tributyrin LBAMP agar 
plates. Active transformants (halos surrounding the colonies; see examples in Figure 
9) were picked and grown in LBAMP medium (150 μl per well) in 96-well MTPs. The 
BSLA expression and activity measurements in 96-well MTPs were done as 
previously mentioned in sections 2.5.1 and 2.5.2, respectively. The resistance of a 
lipase towards an IL is defined as the ratio of lipase activity in IL with its activity in 
buffer. Note that to calculate the activity of the BSLA, it was necessary to subtract the 
background activity (supernatant of culture with empty vector). In addition, only BSLA 
variants with increased resistance and clear activity were selected as the candidates. 
All the candidates were re-screened in triplicate to identify the improved hits.  
 
Figure 9 The epPCR-low (a) and epPCR-high (b) libraries spread on tributyrin agar plates. 
The halo-forming colonies are indicated by the black arrow. 
2.5.4 Protein expression in flask 
The expression of BSLA lipases was carried out in flask scale in modified auto-
induction medium. As inoculum, 1% (v/v) of an overnight culture in LBAMP medium 
was added. The culture was incubated at 37°C, 250 rpm for 3 h. Afterwards the 
temperature was shifted to 15°C for 72 h. The cells were then harvested by 
centrifugation (4°C, 4000 × g, 20 min), and stored at -20°C for purification. 
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2.5.5 Protein purification 
The His-tagged BSLA wild-type and variants were purified using the Protino® Ni-TED 
2000 packed columns. For each lipase, 10 ml 1 x LEW Buffer containing 10 mM 
imidazole was added to ~1 g frozen wet cells, then the suspension was sonicated on 
ice using an Ultra Sonicator (program: 40% amplitude, 20 s on, 20 s off, 6 min). The 
purification procedures followed the manual supplied by Macherey-Nagel with some 
changes: a) in binding step, the lysate was reloaded to the column three more times; 
b) in washing step, the column was washed with 50 ml of 1 x LEW buffer containing 
40 mM imidazole, followed by 4.2 ml of 1 x LEW buffer containing 60 mM imidazole. 
Afterwards, PD-10 desalting column was used to remove the salts. The purified 
lipases were stored at glycine buffer (10 mM, pH 10.5) in small aliquots (100 μl) at -
20°C. Each aliquot was used only once after thawing. The protein concentration was 
determined by BCA Protein Assay Kit. The purity of the purified lipases was analyzed 
using Experion™ system from Bio-Rad. 
2.6 Physical techniques 
2.6.1 Electrical conductivity  
Electrical conductivity is one of the most commonly used methods to determine the 
CAC of ILs. For IL in aqueous solutions, there is a clear decrease of conductivity 
slope at the threshold of aggregation. The breakpoint is designated as CAC. Below 
the CAC, the conductivity is due to the sum of contributions of free ions. While at the 
IL concentrations above CAC, aggregates form, leading to a slower rate in the 
conductivity increase because of larger size, lower mobility and dissociation potential 
(Gao 2012). The specific conductivity of the sample was measured using a 
SevenCompact™ S230 at 298 K. At least three measurements were performed for 
each concentration of IL-aqueous mixture. 
2.6.2 Dynamic light scattering 
The dynamic light scattering technique has been described in the manuscript (Zhao 
et al. 2015) and shown in this section. 
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Dynamic light scattering was employed to determine the size of aggregates formed in 
the IL-aqueous solutions using a Nano-ZS, ZetaSizer (Malvern Instruments). The 
particle size detection range of this Nano-ZS Instrument that specified by Malvern 
Instruments is 0.3 nm to 10.0 μm. To remove dust, all sample solutions were passed 
through 0.22 μm PVDF membrane filters. The IL-aqueous solutions were mixed on a 
vortex mixer, and incubated at 900 rpm for 2 h to ensure adequate mixing. 
Experiments were performed at 25oC, and three measurements were taken for each 
solution. Samples were equilibrated for 10 min before data collection (Zhao et al. 
2015).  
2.7 Computational methods 
2.7.1 Sequencing analysis tools 
The sequencing analysis tools have been described in the manuscript (Zhao et al. 
2014) and shown in this section. 
The sequencing data was visualized and aligned using Clone Manager 9 
Professional Edition Software (Scientific & Educational Software, Cary, NC, USA). 
The DNA sequences were translated into amino acids using ExPASy 
(http://web.expasy.org/translate/). The distributions of all amino acid substitutions 
were analyzed by using an online tool WebLogo 3 (http://weblogo.threeplusone.com/ 
create.cgi) (Crooks et al. 2004). 
2.7.2 MD simulation  
MD simulations of protein in water or IL-water mixture were performed using 
YASARA program (Krieger et al. 2002). The snapshots were taken every 25 ps, and 
the recorded trajectories were statistically analyzed using YASARA, VMD 1.9, 
Chimera 1.9rc and Pymol 1.3. The scripts for calculating the spatial distribution 
probabilities of solvents around protein were kindly supplied by Associate Prof. 
Cláudio M. Soares (Universidade Nova de Lisboa) and Dr. Bruno L. Victor.  
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2.7.2.1 MD simulation in water 
The crystal structure of BSLA was taken from the Protein Data Bank (PDB ID: 1I6W, 
chain A) and used for the simulations of wild-type in water. The wild-type structure 
was neutralized and solvated in a cubic box containing TIP3P water and 0.09 % NaCl 
at pH 7.4 using YASARA program (Krieger et al. 2002). The size of the simulation 
system (65 Å x 65 Å x 65 Å) was chosen to avoid self-contacts between the enzyme 
atoms across periodic boundary conditions and the distance between the edges of 
the solvent box and the closest atom of the solutes was at least 10 Å. All simulations 
were performed using AMBER03 and GAFF force field; partial charges were derived 
using the AM1/BCC procedure implemented in YASARA. Electrostatics was 
calculated using a cutoff of 7.86 Å; long-range interactions were calculated by using 
the particle-mesh Ewald (PME) integration. Bond length to hydrogen atoms and bond 
angles in water were constrained to speed up the simulation. After initial minimization 
by steepest descent and simulated annealing until convergence (< 0.05 kJ mol−1 per 
atom during 200 steps) were reached. MD simulations were carried out at 298 K for 
10 ns, and four independent simulations were performed for wild-type system. To 
setup the simulations of BSLA single variants in water, a few additional steps were 
performed based on the starting conformation of wild-type in water: the mutated site 
was swapped with the specified residue; the side-chain of the mutated residue was 
optimized by side-chains with rotamer library (SCWRL) method; and the system was 
neutralized by adding chlorine or sodium counterions. Other steps were identical with 
that for wild-type. Three independent simulations were performed for each variant 
system. 
2.7.2.2 MD simulation in 15 vol% [C4mim][TfO] 
For the MD simulation of wild-type in 15 vol% [C4mim][TfO], the BSLA wild-type 
conformation was extracted from the equilibrated simulation in water system together 
with 77 water molecules close to the enzyme surface (< 3 Å). This BSLA-water solute 
(Figure 10a) was then solvated in the 15 vol% [C4mim][TfO] that its coordinate was 
taken from the last frame of 20 ns simulations. As a result, there are 94 [C4mim]
+, 93 
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[TfO]−, 6867 water molecules, and 6 chlorine counterions in the simulation box. An 
example of BSLA wild-type solvated in 15 vol% [C4mim][TfO] is shown in Figure 10b. 
The protonation state of all titratable residues corresponded to ones at pH 7.4 in 
aqueous and was kept neutral during transfer into ILs due to the “pH memory effect”. 
All simulations were performed using AMBER03 and GAFF force field; the partial 
charges of [C4mim]
+ and [TfO]− which computed using HF/6-31G*-RESP is displayed 
in Figure 11. The energy minimization steps and setup of the simulations for variants 
were identical with that in water. 
 
Figure 10 Structure of the simulated solute BSLA (a), and an example of BSLA solvated in 15 
vol% [C4mim][TfO] (b). (a) Structure of the simulated solute BSLA, with surface water 
molecules and five chlorine counterions (green) which are within 3 Å from protein. The 
enzyme surface is shown in grey; (b) an example of BSLA solvated in 15 vol% [C4mim][TfO], 
with cations and anions shown in ball stick, and water molecules in stick. 
 
Figure 11 Structure of [C4mim][TfO] and partial atomic charges used in the force field for MD 
simulations. These values were calculated at the HF/6-31G* level. 
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To eliminate sampling as a factor and for consistency, all the properties were 
calculated on the last 5 ns trajectories after equilibration. The systems were 
considered equilibrated when the RMSD leveled off after the characteristically sharp 
increase during the first several nanoseconds of MD simulation. All properties were 
analyzed by comparison of the mean values of variants with wild-type, and the mean 
values were averaged over the last 5 ns trajectories from three or four independent 
simulations for each system studied. 
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3. Results and Discussion 
The results and discussion section is divided into three chapters. In Chapter I, three 
random mutagenesis libraries (epPCR with a low- and a high mutational frequency, 
and SeSaM-Tv P/P) of bsla were generated, and their diversity on gene and protein 
levels was learnt by analyzing 1000 nucleotide mutations per library. In Chapter II, 
the IL-resistant/activated BSLA lipase variants were identified by directed evolution 
campaigns (a combination of random mutagenesis methods and multiple site 
saturation mutagenesis method). The specific activities and resistance of identified 
variants were determined in five different IL-aqueous mixtures. The re-activation 
effect of the BSLA variants (not wild-type) at high IL concentrations was explained. In 
Chapter III, MD simulations of fifty most IL-resistant BSLA single variants were 
performed in 15 vol% [C4mim][TfO] and water. As references another ten non-
resistant variants were also simulated. The influence of amino acid substitutions on 
the lipase resistance was elucidated by analyzing the important properties which can 
differentiate the resistant and non-resistant BSLA single variants from wild-type. 
 
Chapter I: Lessons from diversity of directed evolution experiments by 
an analysis of 3000 mutations 
This chapter is divided into seven parts. The bsla was selected as a model gene and 
an analysis of its sequence as shown in section I.1. After generating three random 
mutagenesis libraries (section I.2), the minimal number of sequenced nucleotide 
mutations to obtain reliable statistics was determined in section I.3. Before analyzing 
the generated diversity, the theoretical amino acid substitutions which would be 
obtained by various mutation types (e.g. single transitions or transversions) were 
analyzed in the case of bsla (section I.4). This theoretical analysis provides 
foundations for comparing the theoretically obtainable substitutions to the 
experimental data. Afterwards, the diversity of three random mutagenesis libraries 
was statistically analyzed on gene level (section I.5; nucleotide mutations and their 
distribution over bsla) and on protein level (section I.6; amino acid substitutions within 
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BSLA). Finally, in section I.7, a comparative analysis of three random mutagenesis 
libraries to a SSM library was performed in terms of engineering BSLA towards an IL-
aqueous mixture. 
I.1 Gene selection and analysis of bsla sequence  
In order to avoid the mutational bias resulting from the peculiarities of a given gene 
sequence, the selection of an appropriate model gene is crucial for a comparative 
study on a statistically significant basis. Considering the gene size, nucleotides 
composition and distribution along the sequence, bsla was a suitable gene for 
analysis of the diversity of random mutagenesis experiments.  
The bsla consists of 549 bp with a balanced nucleotide content (30% A, 24% T, 26% 
G and 20% C) and nearly uniform distribution of A/T nucleotides throughout bsla 
sequence (Figure 12). The codons in the presence of bsla sequence are summarized 
in Table 5. Ten codons are not present in bsla sequence (CGC (encoding Arg), AGG 
(Arg), GAG (Glu), ACT/C (Thr), CCT/C (Pro), TGT/C (Cys), and CTA (Leu)). The 
absence of the codons CCT/C (Pro), ACT/C (Thr) means that amino acid 
substitutions of ProAsp/Asn/Tyr/Phe/Cys and ThrHis/Asp/Tyr/Phe/Cys are 
obtainable only through triple consecutive nucleotide mutations. Furthermore, 
another 13 codons CGT/A/G (Arg), CAT (His), TCT/C/G (Ser), AGT (Ser), TTC (Phe), 
ATA (Ile), TTG (Leu), CTC (Leu) and GCC (Ala) appear only once in bsla, making 
ArgAsp/Tyr/Phe and IleGlu/Gln substitutions difficult to access. Notably, BSLA 
does not contain a Cys residue, resulting in CysX (any amino acid) is impossible. 
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Figure 12 Nucleotide distribution of bsla sequence. Only A and T bases are shown for clarity. 
This graph was generated by WebLogo 3 server (http://weblogo.threeplusone.com/ 
create.cgi). Taken from (Zhao et al. 2014). 
I.2 Generation of three random mutagenesis libraries 
I.2.1 epPCR libraries  
The mutation frequency of epPCR was adjusted by variation of MnCl2 concentration 
in PCR mixtures. In order to determine the appropriate concentration of MnCl2, a 
series of MnCl2 concentrations varying from 0.1 mM to 0.5 mM were used in the 
epPCR reactions. Five bsla mutant libraries with different mutation frequency were 
generated (see Figure 13), and 12 clones of each epPCR library were randomly 
selected and sequenced. The sequencing results showed that a mutation frequency 
of ~3 and 12 mutations per 1000 bp was achieved using 0.1 mM and 0.3 mM MnCl2, 
respectively. Thus, these two epPCR libraries (0.1 mM and 0.3 mM MnCl2) were 
chosen as low- and high- mutational frequency libraries for further analysis.  
 
Figure 13 Gel electrophoresis of bsla and pET-22b(+) backbone. Lanes 1-6: epPCR products 
at varying MnCl2 concentrations (0, 0.1, 0.2, 0.3, 0.4 and 0.5 mM); Lane 7: PCR products of 
linear pET-22b(+); M: DNA marker. 
Results and Discussion – Chapter I: Lessons from diversity of directed evolution experiments 
35 
 
Table 5 Codons in bsla sequence (total 183 codons). Taken from (Zhao et al. 2014). 
 
 
I.2.2 SeSaM-Tv P/P library  
The electrophoresis analysis of PCR products in each step of SeSaM-Tv P/P library 
is shown in Figure 14.  
aa Codon 
Number of 
codons 
%  aa Codon 
Number of 
codons 
% 
R CGT 1 20  M ATG 4 100 
R CGC 0 0  C TGT 0 0 
R CGA 1 20  C TGC 0 0 
R CGG 1 20  W TGG 2 100 
R AGA 2 40  Y TAT 3 33 
R AGG 0 0  Y TAC 6 67 
K AAA 5 45  F TTT 3 75 
K AAG 6 55  F TTC 1 25 
H CAT 1 20  I ATT 7 70 
H CAC 4 80  I ATC 2 20 
E GAA 3 100  I ATA 1 10 
E GAG 0 0  L TTA 5 31 
D GAT 6 67  L TTG 1 6 
D GAC 3 33  L CTT 4 25 
Q CAA 4 67  L CTC 1 6 
Q CAG 2 33  L CTA 0 0 
N AAT 10 59  L CTG 5 31 
N AAC 7 41  V GTT 7 41 
T ACT 0 0  V GTC 5 29 
T ACC 0 0  V GTA 2 12 
T ACA 6 60  V GTG 3 18 
T ACG 4 40  A GCT 3 25 
S TCT 1 8  A GCC 1 8 
S TCC 1 8  A GCA 3 25 
S TCA 3 23  A GCG 5 42 
S TCG 1 8  G GGT 3 13 
S AGT 1 8  G GGC 11 46 
S AGC 6 46  G GGA 6 25 
P CCT 0 0  
G GGG 4 17 
 
Total 183 
 
P CCC 0 0    
P CCA 2 50    
P CCG 2 50    
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Figure 14 Gel electrophoresis of PCR products in each step of SeSaM-Tv P/P library 
generation. (a) step 1a, the PCR products in the presence of both standard and 
phosphorothioate nucleotides; (b) step 1b, distribution of cleaved DNA fragments analyzed on 
HighSens RNA chip; (c) step 2, phosphorimager analysis of universal base addition profile, 
lane 1: negative control; (d) step 4, PCR products after replacing of universal bases by 
standard bases; (e) PCR products of linear pET-22b(+) (lane 1), and bsla mutant library (lane 
2) using phosphorothioate primers; (f) culture PCR to check insert with bsla (~600 bp). In (a) 
and (b), products of Reverse-A library are shown, and similar bands in other three libraries. 
I.3 Minimal number of nucleotide mutations for a valid statistical 
analysis  
Figure 15 shows the number of (ATTA) mutations in relation to the accounted 
number of sequenced mutations. If less than 200 mutations were sequenced, a 
typical scenario in the majority of mutagenesis studies (Biles and Connolly 2004; 
Bloom et al. 2006; Bloom et al. 2007; Rasila et al. 2009), the fraction of (ATTA) 
mutations varied erratically between 4% and 20%. Only after considering more than 
500 mutations the data converged to ~15%. Convergence was also observed for all 
other mutation types as shown in Figure 16. In total four independent random 
assortments of 4000 mutations were done, and all the analysis demonstrated that 
~500 mutations have to be sequenced to ensure a statistically significant analysis. 
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Figure 15 Number of (ATTA) mutations in epPCR-high library represented as fraction of 
sequenced mutations. Taken from (Zhao et al. 2014). 
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Figure 16 Number of mutations in epPCR-high library represented as fraction of sequenced 
mutations. (a), (b), (c) and (d) indicate four independent random assortments of 4000 
mutations. Taken from (Zhao et al. 2014). 
Consequently, 1000 sequenced mutations (2-fold excess in data points) were used 
for statistical analysis of the diversity of three random mutagenesis libraries (epPCR-
low, epPCR-high and SeSaM-Tv P/P). Table 6 summarizes the number of bsla 
sequences, mutation frequency, average number of amino acid substitutions per 
protein, fraction of wild-type protein sequence, and the active fraction of the 
population. In epPCR-low library, a mutation frequency of 3.1 errors/kb (1.1 amino 
acid substitutions per protein) was observed. Around 55% of clones in epPCR-low 
library were active, indicating an appropriate mutational load that often used in 
directed evolution experiments (~50%). In epPCR-high library, ~4-fold increase in 
mutation frequency (11.7 errors/kb; 4.1 amino acid substitutions per protein) was 
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found compared to that in epPCR-low. As expected, a low active fraction of the 
population (15%) was determined in epPCR-high. In SeSaM-Tv P/P library, a slightly 
higher mutation frequency (5.1 errors/kb; 1.6 amino acid substitutions per protein) 
was determined relative to epPCR-low library, yielding 52% of active clones. The 
number of sequenced bsla varied significantly (611, 164 and 373 in epPCR-low, 
epPCR-high and SeSaM-Tv P/P, respectively) due to the different mutation 
frequency. After subtracting the wild-type BSLA content (see Table 6), the active 
variant fraction of the population is 22%, 13% and 39% in epPCR-low, epPCR-high 
and SeSaM-Tv P/P, respectively.  
Table 6 Statistics based on analysis of 3000 sequenced mutations for three random 
mutagenesis libraries of bsla (epPCR-low, epPCR-high, and SeSaM-Tv P/P). Taken from 
(Zhao et al. 2014). 
 Sequenced 
mutations 
No. of bsla 
sequences  
(kb 
sequenced) 
Mutation 
frequency 
per kb
a
 
No. of amino 
acid 
substitutions 
per BSLA 
protein 
Fraction 
of wild-
type 
protein 
sequence 
Active 
fraction of 
the 
population
b
 
epPCR-
low 
1000 611 (318) 3.1 1.1 33 55 
epPCR-
high 
1000 164 (85) 11.7 4.1 2 15 
SeSaM-
Tv P/P 
1000 373 (194) 5.1 1.6 13 52 
a
Mutation frequency was calculated by total number of incorrect nucleotide bases / total 
number of bases sequenced.
 
b
The active fraction of the population was determined by counting the halo-forming clones on 
tributyrin agar plates. 
I.4 Theoretical amino acid substitutions obtained by various mutation types 
Before analyzing the sampled diversity in three random mutagenesis experiments, it 
is important to keep in mind that the organization of the genetic code and the number 
of each codon in the presence of bsla limit the obtainable amino acid substitutions by 
any random mutagenesis method.  
Figure 17 shows the theoretical amino acid substitutions obtainable by single 
transitions or transversions in all 51 different codons (13 codons missing) encoding 
BSLA. Figure 17 provides the foundations for comparing the theoretically obtainable 
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substitutions to the experimental data. Single transitions predominantly result in the 
identical or chemically similar amino acid substitutions. As shown in Table 7, 46% of 
single transitions would lead to chemically different amino acid substitutions, while 
64% in the case of single transversions. Unique substitutions from one amino acid to 
others are termed distinct amino acid substitutions. Single transversions would obtain 
doubled distinct amino acid substitutions (98 out of 361) than single transitions (50 
out of 361). Overall, 141 out of 361 (39%) distinct amino acid substitutions would be 
obtained by single nucleotide mutations (transitions or transversions). 
 
Figure 17 Codon changes caused by a single nucleotide mutation in a codon. Filled circles 
indicate transversions within a codon, and open circles indicate transitions. Asterisks indicate 
codons which are not present in bsla. The hash symbols indicate codons which appear once 
in bsla. 
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Table 7 Theoretical analysis of absolute numbers and fraction of mutated codons leading to 
amino acid substitutions. Amino acid substitutions which are accessible with 
single/double/triple nucleotide mutations in a codon are summarized. The corresponding 
percentage values are given in brackets.
a
 
 Number of 
possible 
codon 
changes
b
 
Codon changes 
leading to amino 
acid substitutions 
Number / (%) 
Codon changes 
leading to 
chemically different 
amino acid 
substitutions  
Number / (%)
c
 
Distinct 
amino acid 
substitutions  
Number / 
(%)
d
 
Single nt 
mutation in one 
codon 
459 349 (76) 266 (58) 141 (39) 
   Transitions 153 102 (67) 71 (46) 50 (14) 
   Transversions 306 247 (81) 195 (64) 98 (27) 
Two 
simultaneous nt 
mutations in one 
codon 
1377 1355 (98) 1081 (79) 316 (88) 
   12
e
 459 455 (99) 406 (88) 192 (53) 
   13
f
 459 441 (96) 290 (63) 81 (22) 
   23
g
 459 459 (100) 385 (84) 94 (26) 
Three 
simultaneous nt 
mutations in one 
codon 
1428 1365 (96) 1204 (84) 231 (64) 
Single or two 
simultaneous 
mutations 
1836 1704 (93) 1347 (73) 325 (90) 
Single or 2 or 3 
simultaneous 
mutations 
3264 3069 (94) 2551 (78) 361 (100) 
a
 It is calculated under the assumption that each mutated codon occurs once. 
b
 There are in total 51 codons (13 codons missing) present in bsla sequence, and each codon 
can be mutated to other 9 codons by a single nucleotide mutation (3 codons by a single 
transition and 6 codons by transversion). 
c
 Amino acid were grouped into five categories: charged amino acids (D, E, H, K, R); polar 
amino acids (S, T, N, Q); aromatic amino acids (F, Y, W); aliphatic amino acids (A, V, L, I, M); 
and special cases (C which can form disulfide bonds; G and P which influences flexibility in 
proteins).  
d
 The percentage values were calculated by number of distinct amino acid substitutions 
divided by the number of possible distinct amino acid substitutions in which the number of 
possible distinct amino acid substitutions is 361 for the BSLA protein. 
e
 Simultaneous nt mutations at first and second positions of codons. 
f
 Simultaneous nt mutations at first and third positions of codons. 
g
 Simultaneous nt mutations at second and third positions of codons. 
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There are three types for consecutive nucleotide mutations in a codon: simultaneous 
mutations of first and second bases (denoted as [12]), first and third bases [13], and 
second and third bases [23]. Figure 18 shows the theoretical amino acid substitution 
matrix obtainable by two simultaneous nucleotide mutations in a codon. 
Simultaneous mutations of the first two bases in a codon [12] would obtain 192 (out 
of 361; 53%) distinct amino acid substitutions (Table 7). Interestingly, almost all [12] 
codon changes (> 99%) would lead to amino acid substitutions, and 88% would 
result in chemically different amino acid substitutions. Similarly, for [13] and [23] 
types, a high fraction of codon changes (96% and 100%) would lead to amino acid 
substitutions, however only 81 and 94 (out of 361) distinct amino acid substitutions 
would be obtained.  
Three simultaneous base mutations in a codon unexpectedly would only target 231 
(out of 361; 64%) distinct amino acid substitutions, but this can be understood from 
the organization of the genetic code, since for some amino acid substitutions (e.g. 
KH, see Figure 18), all the encoding codons sharing at least one nucleotide, are 
excluded. Note that 10% of distinct amino acid substitutions are only obtainable by 
three simultaneous base mutations in a codon (see Figure 18). 
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Figure 18 Codon changes caused by two simultaneous nucleotide mutations in a codon. 
Squares indicate simultaneous mutations occurred at first and second positions within a 
codon, diamonds indicate simultaneous mutations at second and third positions, and triangles 
indicate simultaneous mutations at first and third positions. The grey represents amino acid 
substitutions that are only accessible by three simultaneous mutations. Asterisks indicate 
codons which are not present in bsla. The hash symbols indicate codons which appear once 
in bsla. 
I.5 Analysis of nucleotide mutations and their distribution over bsla  
I.5.1 Mutational spectra  
Figure 19 shows the distribution of each mutational type generated by epPCR-low, 
epPCR-high and SeSaM-Tv P/P. In epPCR-low library, transitions were the 
predominant type, accounting for 80% of all generated mutations with (ATGC) 
mutations being the most common (68%). Among transversions (18%), (ATTA) 
mutations (10%) were favored in epPCR-low library. In epPCR-high library, similar 
mutational spectra were observed however with a slightly lower fraction of transitions 
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(73%) and higher occurrence in transversions (25%; particularly 15% of (ATTA) 
mutations). The SeSaM-Tv P/P method generated significantly different mutational 
spectra with enriched transversions (43%; > 1.7-fold more than epPCR libraries). The 
fraction of (ATGC) mutations was significantly reduced from > 62% in epPCR to 
35% in SeSaM-Tv P/P. Among transversion types, nucleotide mutations were more 
frequent in SeSaM-Tv P/P library with at least 1.9-fold increase (4-fold increase of 
(ATCG) mutations) relative to epPCR-low library. In all three libraries the fraction of 
deletions and insertions was below 5%. 
 
Figure 19 Mutational spectra generated by epPCR-low (orange), epPCR-high (blue), and 
SeSaM-Tv P/P (green) in percentage of occurrence. Taken from (Zhao et al. 2014). 
The observed mutational spectra of epPCR libraries were in good agreement with a 
previous report (LinGoerke et al. 1997) in which 274 nucleotide mutations were 
analyzed in an epPCR library (Figure 20). 
 
Figure 20 Comparison of mutational spectra of epPCR-low (orange) and epPCR-high (blue) 
in this study with the data in literature (LinGoerke et al. 1997) (red). Taken from (Zhao et al. 
2014). 
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I.5.2 Bias indicators 
Figure 21 shows the commonly used bias indicators to determine the diversity of 
three libraries (Figure 21a: Ts/Tv ratio and ratio of (ATGC) / (GCAT); Figure 21b: 
fraction of mutations occurred at A-/T- and G-/C-nucleotides).  
Figure 21a shows that a Ts/Tv ratio of 4.6, 3.0 and 1.2 was determined for epPCR-
low, epPCR-high and SeSaM-Tv P/P, respectively. Additionally, a (ATGC) / 
(GCAT) ratio of 5.6 and 6.1 was measured for epPCR-low and epPCR-high, 
suggesting the bias of epPCR methods toward AT sites. In contrast, a ratio of 2.0 was 
obtained in SeSaM-Tv P/P library suggests that mutations at G or C occurred more 
frequent.  
Figure 21b shows that > 82% of all mutations occurred at A- or T-bases in epPCR 
libraries (independent of mutation frequency), while reduced to 71% in SeSaM-Tv 
P/P library. In conclusion, comparison of the respective mutational ratios clearly 
shows that epPCR methods (protocols in this study) were highly biased towards 
transitions and mutations at A and T sites. 
 
Figure 21 Bias indicators of three random mutagenesis libraries (epPCR-low, orange; 
epPCR-high, blue; SeSaM-Tv P/P, green), and an ideal non-biased method (red). N 
represents any base. The AT content of bsla is 54%. Taken from (Zhao et al. 2014). 
I.5.3 Consecutive nucleotide mutations 
In section I.4, it was showed that consecutive nucleotide mutations in a codon would 
double the obtainable distinct amino acid substitutions and produce more chemically 
different amino acid substitutions in comparison with single mutations. Figure 22 
shows the frequency and mutation types of consecutive nucleotide mutations in 
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epPCR-low, epPCR-high and SeSaM-Tv P/P.  
Figure 22a shows that no consecutive nucleotide mutations were observed in 
epPCR-low library. Unexpectedly, a small fraction of consecutive nucleotide 
mutations (2.8%) was obtained in epPCR-high library. In contrast, a remarkable high 
fraction of consecutive nucleotide mutations (30.5%; 11-fold more than epPCR-high 
library) was generated via SeSaM-Tv P/P (Figure 22a).  
Figure 22b shows that the majority of consecutive nucleotide mutations generated by 
epPCR-high were a transition followed by a transition (TsTs, 43%), a transition 
followed by a transversion (TsTv, 14%), and a deletion followed by a deletion (DelDel, 
14%). In contrast, 42% of a transition followed by a transversion (TsTv), 40% of a 
transversion followed by a transition (TvTs), and 9% of a transversion followed by a 
transversion (TvTv) were enriched in SeSaM-Tv P/P. This demonstrates the 
complementarity in the obtained types of consecutive nucleotide mutations by 
epPCR-high and SeSaM-Tv P/P. 
 
Figure 22 Numbers and types of consecutive nucleotide mutations generated by epPCR-low 
(-), epPCR-high (blue), SeSaM-Tv P/P (green). (a) fraction of consecutive nucleotide 
mutations; (b) types of consecutive two nucleotide mutations generated by epPCR-high and 
SeSaM-Tv P/P. The absolute number of consecutive nucleotide mutations is given in the 
brackets. Taken from (Zhao et al. 2014). 
Interestingly, multiple consecutive nucleotide mutations located at different positions 
in one bsla sequence have been found 13 times in SeSaM-Tv P/P library. In addition, 
triple or quadruple consecutive nucleotide mutations were identified. For instance, 
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one bsla sequence contained two ‘triple’ mutation events AATGGG (N120G, 
mutations shown by underline), and AAT TACAGG AAC (N138R/Y139N). On the 
protein level, in total five sequences contained subsequent amino acid substitutions 
such as N138R/Y139N in SeSaM-Tv P/P library. 
I.5.4 Distribution of 1000 nucleotide mutations 
Figure 23 shows the distribution of 1000 nucleotide mutations over bsla sequence 
(the cumulative number of mutations as a function of nucleotide position in bsla). The 
curves in all three random mutagenesis libraries (epPCR-low, epPCR-high and 
SeSaM-Tv P/P) closely followed the ideal distribution without mutational hot spots, 
demonstrating that nucleotide mutations distributed quite homogenously over bsla 
sequence. 
 
Figure 23 Distribution of 1000 nucleotide mutations in epPCR-low (a), epPCR-high (b), and 
SeSaM-Tv P/P (c). Straight lines represent an ideal distribution without mutational hot-spots. 
1-28 bp of bsla sequence is the primer binding region. Taken from (Zhao et al. 2014). 
I.5.5 Occurrence of unaltered or mutated bsla sequences  
Table 8 summaries the numbers of bsla wild-type sequences, unique mutated 
sequences, and duplicate mutated sequences on the gene level. A much lower 
fraction of bsla wild-type sequence was obtained in epPCR-high (1%) relative to 
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epPCR-low (22%), corresponding to 2% vs. 33% of BSLA wild-type on the protein 
level. Despite a comparable mutational frequency to epPCR-low, SeSaM-Tv P/P 
produced only 9% of bsla wild-type sequences (13% on protein level). The fraction of 
unique mutated bsla sequences was 71%, 97%, and 90% in epPCR-low, epPCR-
high and SeSaM-Tv P/P libraries, respectively. 
Table 8 Absolute numbers of wild-type sequences, unique mutated sequences and duplicate 
mutated bsla sequences. The percentage values are given in brackets. Taken from (Zhao et 
al. 2014). 
 Number of wild-type 
bsla sequences 
Number of unique 
mutated bsla 
sequences 
Number of duplicate 
mutated bsla 
sequences 
epPCR-low 135 (22) 436 (71) 40 (7) 
epPCR-high     2 (1) 159 (97)   3 (2) 
SeSaM-Tv P/P   33 (9) 337 (90)   3 (1) 
 
Figure 24 shows the comparison of the observed distribution of nucleotide mutations 
in three random mutagenesis libraries with the theoretical distribution which 
calculated by an online server PEDEL (http://guinevere.otago.ac.nz/cgi-
bin/aef/pedel.stats.pl) (Firth and Patrick 2008). The observed distribution correlated 
closely with theoretical calculation, demonstrating that Poisson function can describe 
the mutations distribution well. 
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Figure 24 Comparison of the observed distribution of nucleotide mutations (blue curve) for 
epPCR-low (a), epPCR-high (b), and SeSaM-Tv P/P (c) libraries with the theoretical 
distribution (red curve) calculated using an online server PEDEL 
(http://guinevere.otago.ac.nz/cgi-bin/aef/pedel.stats.pl) (Firth and Patrick 2008). Poisson 
model was used to calculate the distribution of nucleotide mutations. Taken from (Zhao et al. 
2014). 
I.6 Analysis of amino acid substitutions within BSLA 
I.6.1 Occurrence of BSLA wild-type and protein variants 
Figure 25 shows the fraction of BSLA wild-type and variants generated by epPCR-
low, epPCR-high, and SeSaM-Tv P/P. A high fraction of BSLA wild-type (33%), single 
variants (34%) and double variants (18%) was found in epPCR-low. In epPCR-high 
library, the majority of obtained BSLA variants harbored three (16%), four (15%) and 
five (15%) substitutions; accompanied by a very low wild-type content (2%). In 
contrast, single (32%) and double variants (26%) were predominant in SeSaM-Tv 
P/P library. Notably, a much lower wild-type content (~13%) was obtained in SeSaM-
Tv P/P library compared to 33% in epPCR-low. 
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Figure 25 Distribution of BSLA variants according to the number of amino acid substitutions 
per BSLA which were generated by epPCR-low (orange-upward diagonal), epPCR-high (blue-
solid diamond), and SeSaM-Tv P/P (green-downward diagonal). Taken from (Zhao et al. 
2014). 
I.6.2 Amino acid substitutions over the BSLA protein sequence 
Figure 26 shows all obtained amino acid substitutions over the BSLA protein 
sequence generated by epPCR-low, epPCR-high, and SeSaM-Tv P/P.  
 
Figure 26 Amino acid substitutions over the BSLA protein sequence generated by epPCR-low 
(a), epPCR-high (b), and SeSaM-Tv P/P (c). This graph was drawn by using the WebLogo 3 
server (http://weblogo.threeplusone.com/) (Crooks et al. 2004). Amino acids are colored 
according to their chemical properties (charged: D, E, H, K and R, orange; polar: S, T, N and 
Q, magenta; aromatic: F, Y and W, dark green; aliphatic: A, V, L, I and M, light green; and 
special cases: C, G and P, light blue). Adapted from (Zhao et al. 2014). 
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The average number of amino acid substitutions per amino acid residue (19 possible 
substitutions per residue) is a good benchmark for the diversity of a random 
mutagenesis library. EpPCR-low and epPCR-high gave an average of 1.8 and 1.9 
amino acid substitutions per residue, while the latter was slightly increased to 2.1 in 
SeSaM-Tv P/P. In addition, the number of positions, harboring more than two distinct 
amino acid substitutions per position (in total 39, 48, and 57 such positions in 
epPCR-low, epPCR-high and SeSaM-Tv P/P library, respectively), reflects the trend 
of the average number of amino acid substitutions per residue.  
To illustrate the differences in generated and sampled diversity by epPCR-low, 
epPCR-high, and SeSaM-Tv P/P method, the obtained amino acid substitutions from 
aa-position 131 to 136 are taken as an example (Figure 27). Similar amino acid 
substitution patterns in terms of chemical composition were found between epPCR-
low (Figure 27a) and epPCR-high (Figure 27b) libraries (except position 136). In 
contrast, SeSaM-Tv P/P produced more amino acid substitutions (23 vs. 13 in both 
epPCR libraries), with drastically different chemical composition (e.g. five of six 
amino acids were substituted to charged ones). The observed difference in amino 
acid substitutions is attributed to that SeSaM-Tv P/P library is enriched in 
transversions (e.g. position 132, the codon GCC mutated to GAC (Asp), GGC (Gly), 
or TCC (Ser)) and more consecutive nucleotide mutations (AAC (Asn)). 
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Figure 27 Amino acid substitutions at aa-positions 131-136 which were generated by epPCR-
low (a), epPCR-high (b), and SeSaM-Tv P/P (c). The wild-type sequence of BSLA is given 
below. The color code of amino acid is the same with Figure 26. Adapted from (Zhao et al. 
2014). 
 
I.6.3 Amino acid substitution matrix  
Figure 28 shows the obtained amino acid substitution patterns generated by epPCR-
low (Figure 28a), epPCR-high (Figure 28b), and SeSaM-Tv P/P (Figure 28c).  
EpPCR-low (Figure 28a) and epPCR-high (Figure 28b) generated similar amino acid 
substitution patterns, especially for the three most frequent amino acid substitutions 
(Table 9; epPCR-low: (VA), 7.6%; (ND), 7.0%; and (NS), 6.1%; epPCR-high: 
(NS), 5.7%, (TA), 4.9%; and (ND), 4.9%). In contrast, SeSaM-Tv P/P differs 
from epPCR methods in terms of lower occurrence of three preferred amino acid 
substitutions and their compositions ((LP), 3.3%; (DA), 3.1%; and (NK), 3.1%). 
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The differences in amino acid substitution patterns between epPCR and SeSaM-Tv 
P/P libraries are not limited to the three preferred amino acid substitutions. For 
instance, epPCR-high generated a (KG) (codon change AAAGGA) (Figure 28c), 
however it was unobtainable by epPCR-low method (Figure 28b) since (KG) is only 
attainable by consecutive nucleotide mutations in a codon (Figures 17 and 18). In 
addition, because the (KL) substitution is only accessible by consecutive 
transversions (TvTv) in a codon (Figures 17 and 18) which is hardly obtainable by 
typical epPCR methods, consequently (KL) substitution was only found in SeSaM-
Tv P/P library (Figure 28c, AAGTTG). 
Table 9 Three preferred amino acid substitutions in epPCR-low, epPCR-high and SeSaM-Tv 
P/P. The three preferred substitutions in each random mutagenesis library differ in terms of 
occurrence and chemical composition. The percentage values are calculated by the number 
of obtained substitutions divided by the total number of substitutions. 
 Number of amino acid 
substitutions
a
 
Preferred amino acid substitutions (%) 
epPCR-low 628 VA (7.6) ND (7.0) NS (6.1) 
epPCR-high 560 NS (5.7) ND (4.9) TA (4.9) 
SeSaM-Tv P/P 533 LP (3.3) DA (3.1) NK (3.1) 
a
 The numbers of amino acid substitutions are shown without considering the “stop codon” 
substitutions. 
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Figure 28 Amino acid substitution patterns generated by epPCR-low (a), epPCR-high (b), and 
SeSaM-Tv P/P (c). The Y-axis shows the original amino acid species and X-axis shows the 
obtained substitution pattern. In contrast to Figure 17, the sum of codons that encode the 
same amino acid is shown as one amino acid. Numbers in the box indicate the occurrence of 
each specific amino acid substitution. The probabilities of amino acid substitutions are 
indicated from light grey (lowest probability) to dark grey (highest probability). Amino acid 
substitutions that do not occur are colored in white. Amino acids that result from the 
synonymous mutations (encoding the same amino acid) are shown in horizontal stripe. 
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Table 10 summarizes the number of chemically different amino acid substitutions, 
and distinct amino acid substitutions generated by epPCR-low, epPCR-high, SeSaM-
Tv P/P and a theoretical non-biased method. Similar fractions of substitutions in 
epPCR-low (64%) and epPCR-high (69%) were mutated from the amino acids in 
other chemical categories, compared to 76% in SeSaM-Tv P/P. In addition, similar 
number of distinct amino acid substitutions was obtained with epPCR-low (92 out of 
361 possible substitutions) and epPCR-high (95), whereas 125 via SeSaM-Tv P/P 
(see Table 10 and Figure 28). A non-biased random mutagenesis method with single 
nucleotide mutation in a codon could render 134 out of 361 (37%) distinct amino acid 
substitutions (Figure 29). Interestingly, 45 out of 125 (36%) distinct amino acid 
substitutions found in SeSaM-Tv P/P were unobtainable by epPCR-low (Figure 30), 
additionally 12 out of 92 (13%) substitutions were obtainable with epPCR-low but not 
with SeSaM-Tv P/P (Figure 31). This result highlights the differences and 
complementary of amino acid substitutions generated by typical epPCR and SeSaM-
Tv P/P.  
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Table 10 Obtained amino acid substitutions by epPCR-low, epPCR-high, and SeSaM-Tv P/P; 
(1000 mutations each) and comparison to a theoretical amino acid substitution pattern 
generated by an ideal random mutagenesis method in which all mutations occur with equal 
probability. Absolute numbers of mutated codons, amino acid substitutions, chemically 
different amino acid substitutions, and distinct amino acid substitutions are shown. The 
percentage values are given in brackets. 
 Number 
of 
mutated 
codons
a
 
Number of amino acid 
substitutions (%, 
normalized by number 
of mutated codons)
b
 
Number of 
chemically different 
amino acid 
substitutions
c
 
Number of 
distinct amino 
acid 
substitutions
d
 
Theoretical 
non-biased
e
 
– 716 (–) 525 (73) 134 (37) 
epPCR-low 945 628 (66) 399 (64) 92 (25) 
epPCR-high 860 560 (65) 385 (69) 95 (26) 
SeSaM-Tv 
P/P 
751 533 (71) 407 (76) 125 (35) 
a
 Sequences that containing mutations leading to frameshifts were excluded.
 
b
 Numbers of amino acid substitutions are shown without considering the “stop codon” 
substitutions. The percentages values were calculated by number of amino acid substitutions 
/ number of mutated codons. 
c
 Percentage values were calculated by number of chemically different amino acid 
substitutions / number of amino acid substitutions. 
d
 Percentage values were calculated by number of distinct amino acid substitutions / number 
of possible distinct amino acid substitutions, in which the number of possible distinct amino 
acid substitutions is 361 for BSLA protein.
 
e 
Amino acid substitution pattern of a non-biased method was derived from MAP
2.0
3D server 
(http://map.jacobs-university.de/map3d.html). The values of occurrence frequencies obtained 
from MAP were scaled up by 1000. 
 
Figure 29 Amino acid substitution pattern generated by a non-biased method. The theoretical 
amino acid substitution pattern of a non-biased method which is able to target every single 
nucleotide with an equal probability was derived from the MAP
2.0
3D online server 
(http://map.jacobs-university.de/map3d.html) (Verma et al. 2012). The Y-axis shows the 
original amino acid species and the X-axis shows the obtained substitution pattern. Numbers 
in the box (values obtained from MAP scaled up 1000 times) indicate the occurrence of each 
specific amino acid substitution. 
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Figure 30 Amino acid substitutions found in SeSaM-Tv P/P but unobtainable by epPCR-low. 
The Y-axis shows the original amino acid species and the X-axis shows the obtained 
substitution pattern. After neglecting the stop codon substitutions, in total there are 45 out of 
125 (36%) distinct amino acid substitutions (shown in horizontal crosshatch) found in SeSaM-
Tv P/P were unobtainable by epPCR-low. 
 
Figure 31 Amino acid substitutions found in epPCR-low but unobtainable by SeSaM-Tv P/P. 
The Y-axis shows the original amino acid species and the X-axis shows the obtained 
substitution pattern. After neglecting the stop codon substitutions, in total there are 12 out of 
92 (13%) distinct amino acid substitutions (shown in vertical stripe) found in epPCR-low were 
unobtainable by SeSaM-Tv P/P. 
I.6.4 Benchmarking according to MAP  
A benchmarking system was established in MAP (Verma et al. 2012; Wong et al. 
2006a) to compare the diversity of random mutagenesis libraries on the protein level. 
MAP proposed three indicators based on the subsets of amino acid substitutions: (a) 
amino acid diversity indicator (fraction of synonymous mutations and the average 
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number of amino acid substitutions per residue); (b) protein structure indicator 
(fraction of stop codons, Gly/Pro); and (c) chemical diversity indicator (information on 
the chemical diversity of the obtained amino acid substitutions; e.g. aromatic to 
charged).  
Amino acid diversity indicator The nucleotide mutations are classified into three 
classes: (1) synonymous (or silent) mutations, i.e. mutations that result in a codon 
encoding the same amino acid, (2) non-synonymous mutations that result in amino 
acid substitutions; and (3) nonsense mutations, i.e. single nucleotide mutation that 
convert an amino acid codon into a stop codon. Table 11 summarizes the fraction of 
synonymous, non-synonymous, and nonsense mutations. SeSaM-Tv P/P generated 
a higher fraction of non-synonymous mutations (74.9%) compared to epPCR-low 
(67.6%) and epPCR-high (66.9%) (Table 11). An average of 1.8, 1.9 and 2.1 amino 
acid substitutions per residue was determined in epPCR-low, epPCR-high and 
SeSaM-Tv P/P, respectively. 
Table 11 Analysis in analogy to the amino acid diversity and protein structure indicators of the 
MAP benchmark system. Summary of the synonymous, non-synonymous, stop codons, and 
Gly/Pro substitutions generated by epPCR-low, epPCR-high and SeSaM-Tv P/P. 
 
epPCR-low epPCR-high SeSaM-Tv P/P 
Total mutations (%) 100.0 100.0 100.0 
   Synonymous (%) 31.0 31.5 23.7 
   Non-synonymous (%)
a
 67.6 66.9 74.9 
   Nonsense (%) 1.4 1.6 1.4 
Stop and Gly/Pro codons (%) 18.3 19.4 15.1 
   Stop (%) 2.0 2.8 2.0 
   Gly/Pro (%) 16.2 16.7 13.1 
a
 In case of the simultaneous two or three nucleotide mutations in a codon that result in an 
amino acid substitution, the non-synonymous mutations count as two or three, respectively. 
 
Protein structure indicator As shown in Table 11, a slightly higher stop codon 
frequency of 2.8% was found in epPCR-high than 2.0% in epPCR-low and 2.0% in 
SeSaM-Tv P/P. Interestingly, SeSaM-Tv P/P has a much lower occurrence in Gly/Pro 
(13.1%) (structurally/functionally less favorable substitutions) compared to epPCR-
low (16.2%) and epPCR-high (16.7%). 
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Chemical diversity indicator Table 12 summarizes the percentage of chemically 
categorized amino acid substitutions generated by epPCR-low, epPCR-high and 
SeSaM-Tv P/P as the deviation from the ideal chemical distribution (25% charged: D, 
E, H, K, R; 20% polar: S, T, N, Q; 15% aromatic: F, Y, W; 25% aliphatic: A, V, L, I, M; 
and 15% special amino acids: C, G, P).  
Table 12 Summary of chemically categorized amino acid substitutions generated by epPCR-
low, epPCR-high and SeSaM-Tv P/P. Values are given as deviations from an ideal chemical 
distribution. Charged amino acids: D, E, H, K, R; polar amino acids: S, T, N, Q; aromatic 
amino acids: F, Y, W; aliphatic amino acids: A, V, L, I, M; special case: C, G, P. 
 Charged 
(%) 
Polar 
(%) 
Aromatic 
(%) 
Aliphatic 
(%) 
Special 
cases (%) 
Stop 
(%) 
Ideal chemical distribution 25.0 20.0 15.0 25.0 15.0 0.0 
All aa 
substitutions 
epPCR-low +3.5 -0.0 -11.9 +1.4 +5.0 +2.0 
epPCR-high +0.2 +1.9 -11.7 +1.0 +5.8 +2.8 
SeSaM-Tv 
P/P 
-0.7 +3.2 -8.9 +4.6 -0.1 +2.0 
Chemically 
different aa 
substitutions 
epPCR-low +1.9 -0.6 -11.4 -8.7 +15.6 +3.2 
epPCR-high -2.1 +0.2 -10.5 -5.3 +13.7 +4.0 
SeSaM-Tv 
P/P 
-0.1 +2.7 -8.5 -0.4 +3.7 +2.6 
Table 12 shows that epPCR-low and epPCR-high generated similar distribution of 
amino acid substitutions with the major differences in the occurrence of charged 
(+3.5% vs. +0.2%) and polar substitutions (-0.0% vs. +1.9%). Aromatic amino acids 
were significantly underrepresented in both epPCR methods (around -11.8%) 
because they are theoretically difficult to target by single transitions (see Figure 17). 
SeSaM-Tv P/P differs to the epPCR methods in terms of the chemical diversity (Table 
12), e.g., less charged (-0.7% vs. +3.5%), more polar (+3.2% vs. -0.0%), more 
aromatic (-8.9% vs. -11.9%), more aliphatic (+4.6% vs. +1.4%) and much less special 
case substitutions (-0.1% vs. +5%) were observed (SeSaM-Tv P/P vs. epPCR-low). 
When only chemically different amino acid substitutions were taken into account 
(Table 12), the difference in the occurrence of polar substitutions between epPCR-
low and epPCR-high was much smaller (-0.6% vs. +0.2%). Unexpectedly, special 
amino acids (C, G, P) were significantly over-represented in both epPCR methods 
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(+15.6% and +13.7%; correspond to 30.6% and 28.7%), indicating that ~30% of 
chemically different substitutions were substituted to C, G or P. For the subsets of 
chemically different amino acid substitutions, charged amino acid substitutions 
occurred more frequent in SeSaM-Tv P/P (-0.1%) than epPCR-high (2.1%).  
Figure 32 shows the fraction of chemically different amino acid substitutions in each 
category (charged, polar, aromatic, aliphatic and special case) generated by epPCR-
low, epPCR-high and SeSaM-Tv P/P. For instance, the charged bar value of 79% 
from SeSaM-Tv P/P means that 79% of all substitutions to charged amino acids 
occur from an amino acid of a different category (polar, aromatic, aliphatic, special 
cases).  
 
Figure 32 The fraction of chemically different amino acid substitutions in each category 
(charged, polar, aromatic, aliphatic and special case) generated by epPCR-low (orange), 
epPCR-high (blue), and SeSaM-Tv P/P (green). The higher the bar means the more amino 
acid substitutions occur from a chemically different category. In total 628, 560, and 533 amino 
acid substitutions (exclude stop codon substitutions) were generated by epPCR-low, epPCR-
high, and SeSaM-Tv P/P, respectively. The absolute numbers of chemically different amino 
acid substitutions in each category are shown inside base at each bar. 
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EpPCR-low and epPCR-high generated similar amino acid substitution patterns with 
the major differences in aromatic (75% vs. 95%) and aliphatic substitutions (40% vs. 
53%). SeSaM-Tv P/P generated more chemically different amino acids in the 
charged, polar and aliphatic substitutions. For instance, 80% of charged amino acids 
were substituted from other chemical residues in SeSaM-Tv P/P library, whereas only 
~62% in two epPCR libraries. Interestingly, almost all special amino acids (C, G or 
P; > 96%) were substituted from residues in other chemical categories in the studied 
three libraries (see Figure 32). This can be explained by the fact that C/G/P amino 
acids are hardly mutated to each other by a single mutation in a codon (see Figure 
17; only G can be substituted to C in two cases). 
I.7 Evaluation and comparison of three random mutagenesis libraries 
and a SSM library in terms of directed BSLA evolution  
The obtained amino acid substitutions by three random mutagenesis libraries 
(epPCR-low, epPCR-high and SeSaM-Tv P/P) were compared with a SSM library 
which covers the natural diversity at each amino acid position in terms of directed 
BSLA evolution towards an IL (Frauenkron-Machedjou et al. 2015). Table 13 
summarizes the information of beneficial amino acid substitutions found via SSM for 
BSLA resistance towards 15 vol% [C4mim][TfO], and the numbers of obtainable 
beneficial amino acid substitutions/positions by epPCR-low, epPCR-high, SeSaM-Tv 
P/P, and a combination of epPCR with SeSaM-Tv P/P (two rounds of independent 
directed evolution experiments). Previous reports (Ahmad et al. 2012; Yedavalli and 
Rao 2013) on engineering of BSLA for improved thermostability or stability towards 
dimethyl sulfoxide (DMSO) are unfortunately not be used for comparison since not all 
beneficial substitutions (only best hits) were reported. 
A SSM library which covers the natural diversity at each amino acid position of BSLA 
(in total 181 positions; 3439 unique single variants) has been previously generated 
(Frauenkron-Machedjou et al. 2015). In total 18547 clones were sequenced and the 
missing substitutions were additionally generated by site directed mutagenesis to 
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obtain all the possible unique BSLA single variants (19 possible substitutions per 
amino acid position). The resistance of all unique single variants towards an IL (15 
vol% [C4mim][TfO]) were studied, and 292 beneficial amino acid substitutions at 104 
positions were identified (282 substitutions at 100 positions when first nine positions 
excluded because they were not mutated in three random mutagenesis libraries). 
The fraction of the beneficial substitutions with an altered chemical property is 
interestingly as high as 76% (214 out of 282 substitutions).  
Table 13 Evaluation and comparison of three random mutagenesis libraries and a site 
saturation mutagenesis library for directed BSLA evolution. The percentage values are given 
in brackets. 
  Resistance in 15 vol% 
[C4mim][TfO]
a
 
Beneficial aa substitutions Number of aa substitutions 282 
Number of aa positions 100 
Number of chemically 
different  
aa substitutions 
214 (76) 
Number of obtainable 
beneficial aa substitutions 
epPCR-low 18 (6) 
epPCR-high 21 (7) 
SeSaM-Tv P/P 25 (9) 
epPCR-low & SeSaM-Tv P/P 34 (12) 
epPCR-high & SeSaM-Tv 
P/P 
38 (13) 
Number of obtainable 
beneficial aa positions
c
 
epPCR-low 15 (15) 
epPCR-high 18 (18) 
SeSaM-Tv P/P 21 (21) 
epPCR-low & SeSaM-Tv P/P 29 (29) 
epPCR-high & SeSaM-Tv 
P/P 
31 (31) 
a
 The beneficial amino acid substitutions towards 15 vol% [C4mim][TfO] identified from a site 
saturation mutagenesis library (Frauenkron-Machedjou et al. 2015). The first nine amino acid 
positions were excluded since they were not mutated by three random mutagenesis methods 
(Zhao et al. 2014). 
 
A very low fraction of these beneficial substitutions would be obtained by epPCR-low 
(6%), epPCR-high (7%), and SeSaM-Tv P/P (9%). This was due to the fact that only 
an average of 1.8–2.1 substitutions per amino acid position was obtained. Among all 
100 beneficial positions (first nine positions excluded), only 15 positions would have 
been obtained by epPCR-low with 1000 mutations, compared to 18 positions by 
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epPCR-high and 21 positions by SeSaM-Tv P/P (see Table 13). In addition, 
combining in two independent rounds of directed evolution (epPCR-high with 
SeSaM-Tv P/P) would yield 31 (out of 100) or 29 (epPCR-low with SeSaM-Tv P/P) 
beneficial positions. This demonstrates the high complementary of epPCR methods 
and SeSaM-Tv P/P in terms of the obtained amino acid substitutions.  
Figure 33 shows the beneficial amino acid substitutions from aa-positions 49–96 to 
illustrate the differences in amino acid substitutions generated by epPCR-low, 
epPCR-high, and SeSaM-Tv P/P. It is observed that none of the beneficial amino acid 
positions from 50–87 can be obtained by both epPCR methods; whereas four 
positions (positions 54, 58, 67 and 81) would be obtained by SeSaM-Tv P/P. In 
addition, some beneficial positions (e.g. K88R) would be only accessed by epPCR 
methods, and the exchange K to R is chemically conservative. Among all obtained 
beneficial substitutions ~70% are chemically different by both epPCR methods, 
whereas 92% via SeSaM-Tv P/P.  
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Figure 33 Obtainable beneficial amino acid substitutions of BSLA at aa-positions 49–96 
towards 15 vol% [C4mim][TfO] by three random mutagenesis methods. (a) The beneficial 
amino acid substitutions identified from a SSM library which covers the natural diversity at 
each amino acid position. There are 82 beneficial substitutions (27 positions) at aa-positions 
49–96; (b) Obtainable beneficial substitutions by epPCR-low; (c) by epPCR-high; (d) by 
SeSaM-Tv P/P. The BSLA wild-type (WT) sequence is given below. This graph was drawn 
using the WebLogo 3 server (http://weblogo.threeplusone.com/) (Crooks et al., 2004). Amino 
acids are colored according to their chemical properties (charged: D, E, H, K and R, orange; 
polar: S, T, N and Q, magenta; aromatic: F, Y and W, dark green; aliphatic: A, V, L, I and M, 
light green; and special cases: C, G and P, light blue). 
I.8 Discussion 
The generated and sampled diversity in three random mutagenesis experiments 
(epPCR-low, epPCR-high and SeSaM-Tv P/P) was statistically analyzed on gene 
and protein levels by sequencing 3000 mutations (1000 mutations per library). The 
epPCR-low method reflects the mutagenesis conditions that commonly used in the 
standard directed evolution experiments (1–3 amino acid substitutions per protein). 
Besides the employed mutagenesis protocols, gene features such as nucleotide 
composition, distribution and codons in the presence of gene sequence are also 
strongly suggested to predetermine the obtainable mutational spectra (Tan et al. 
2004), unfortunately these features are rarely considered especially in theoretical 
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mutagenesis studies (LinGoerke et al. 1997; Minamoto et al. 2012; Rasila et al. 2009; 
Vanhercke et al. 2005; Wong et al. 2008). For example, a high GC content can 
significantly reduce the average mutation frequency when using a method biased 
towards introducing mutations at A/T sites (e.g. Taq polymerase based epPCR). Tan 
and coworkers (Tan et al. 2004) showed that the choice of codon in the template 
sequence will affect the probabilities of synonymous, conservative and non-
conservative mutations. Therefore, a detailed analysis of the model gene sequence is 
important to understand the generated diversity and draw valid conclusions. In this 
study, the bsla sequence (549 bp) with a balanced nucleotide content (54% of A/T) 
and nearly uniform distribution of A/T nucleotides was selected (see section I.1). 
The number of minimal nucleotide mutations required to obtain reliable statistics was 
determined. Figure 16 shows that the mutation frequency of each type converged 
when more than 500 mutations were sequenced, and fluctuated for instance between 
4% and 20% for (ATTA) mutations (converged to 15%) when only 10 to 200 
mutations were analyzed. As a consequence, one thousand mutations per library 
were sequenced and further analyzed (see section I.3). 
Since the obtainable amino acid substitutions via any random mutagenesis method 
are limited by the organization of the genetic code and the number of different 
codons in the presence of bsla, the theoretical substitutions by various mutation 
types (e.g. single transitions) were analyzed (section I.4). As main information one 
can conclude that single transitions would generate less fractions of chemically 
different amino acid substitutions (46%) and distinct substitutions (14%) compared to 
single transversions (64% and 27%), and two simultaneous nucleotide mutations in 
one codon (79% and 88%) (Table 7). 
EpPCR-low method strongly favored transitions (Ts/Tv=4.6) and mutations at A/T 
sites (83%). No consecutive nucleotide mutations were observed in epPCR-low 
library. Interestingly, with the elevated mutation frequency (epPCR-high), the 
occurrences of transversions (Ts/Tv=3.0) and consecutive nucleotide mutations 
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(2.8%) were enhanced. SeSaM-Tv P/P method compensates the bias of epPCR with 
enrichment in transversions (Ts/Tv=1.2) and consecutive nucleotide mutations 
(30.5%). There are some new features in the advanced SeSaM-Tv P/P protocol 
compared to the published SeSaM-Tv protocols: (a) quadruple consecutive 
nucleotide mutations in one bsla sequence (e.g. AAATGGGG), which enables 
mutating two adjacent codons simultaneously; (b) multiple independent mutational 
events each with consecutive nucleotide mutations in one bsla sequence (e.g. 
AATGGG and AAT TACAGG AAC mutations in one bsla sequence) was achieved 
for the first time (13 times in total); (c) significantly reduced wild-type content (> 20% 
to 9% on gene level) compared to previous SeSaM publication (Mundhada et al. 
2011). 
The wild-type content was 22%, 1%, and 9% (33%, 2%, and 13% on protein level) in 
epPCR-low, epPCR-high, and SeSaM-Tv P/P library, respectively. In epPCR-low 
library, 33% of BSLA wild-type together with 9% of variants contained the identical 
substitutions and 3% of abnormal muteins which resulted from frameshift mutations 
indicating that ~45% of the screening capacity is ‘wasted’ in a typical epPCR 
experiment. Overall, the fraction of unique mutated bsla sequence was 71% in 
epPCR-low, compared to 97% in epPCR-high and 90% in SeSaM-Tv P/P. After 
screening of library with 1000 mutations only a tiny fraction of 1.8-2.1 amino acid 
substitutions per position (out of a maximum of 19) was probed which corresponds to 
~10% of the natural diversity at each aa-position of a protein. This tells us that the 
sampled diversity is very low in a standard directed evolution experiment. The low 
sampled diversity explains why it is quite often beneficial to mutagenize by site 
saturation mutagenesis the positions identified in directed evolution campaigns 
(Jakoblinnert et al. 2013; Lehmann et al. 2012; McLachlan et al. 2008; Reetz et al. 
2001; Shivange et al. 2014). All the possible substitutions (20 amino acids) at the 
pre-defined amino acid positions can be generated using site-saturation mutagenesis 
methods (Chronopoulou and Labrou 2011; Dennig et al. 2011; Firnberg and 
Ostermeier 2012; Jain and Varadarajan 2014; Zheng et al. 2004).  
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SeSaM-Tv P/P differs from epPCR methods in terms of amino acid substitution 
patterns (Figure 28), particularly for the three preferred substitutions (Table 9; 
epPCR-low: (VA), (ND), and (NS); epPCR-high: (NS), (TA), and (ND); 
SeSaM-Tv P/P: (LP), (DA), and (NK)). EpPCR-low generated a lower fraction 
of chemically different amino acid substitutions (64%) and distinct substitutions 
(25%), compared to epPCR-high (69% and 26%), and SeSaM-Tv P/P (76% and 
35%). Notably, 45 out of 125 (36%) distinct amino acid substitutions found in SeSaM-
Tv P/P were unobtainable by epPCR-low. In terms of the chemical diversity of the 
substituted amino acids, less charged (-0.7 vs. +3.5%), more polar (+3.2 vs. -0.0%), 
more aromatic (-8.9 vs. -11.9%), more aliphatic (+4.6 vs. +1.4%) and much less 
special amino acids (-0.1 vs. +5%) have been achieved (SeSaM-Tv P/P vs. epPCR-
low) (see Table 12). This demonstrated that the different and complementary amino 
acid substitutions were obtained by typical epPCR and SeSaM-Tv P/P. 
The obtained amino acid substitutions were compared with a SSM library which 
covers natural diversity at each amino acid position in terms of BSLA evolution 
towards 15 vol% [C4mim][TfO]. Among 100 beneficial positions, epPCR-low would 
obtain 15 positions, compared to epPCR-high (18 positions) and SeSaM-Tv P/P (21 
positions). A combination of two independent directed evolution experiments with 
epPCR and SeSaM-Tv P/P would obtain up to 31 (out of 100) beneficial positions. 
I.9 Conclusions 
The statistical analysis of the diversity of three random mutagenesis libraries by 
sequencing 3000 mutations taught us that, a) ~500 mutations have to be sequenced 
for a valid statistical analysis; b) the generated and sampled diversity was shockingly 
limited (~10% of natural diversity at each aa-position); c) epPCR-low and epPCR-
high methods yielded similar amino acid substitution patterns in terms of chemical 
property, which were complementary to that by SeSaM-Tv P/P; d) SeSaM-Tv P/P 
generated a higher fraction of distinct amino acid substitutions (35%) and chemically 
different amino acids (76%) relative to epPCR-low (25% and 64%) and epPCR-high 
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(26% and 69%); e) a combination of epPCR with SeSaM-Tv P/P would lead to more 
beneficial amino acid positions (at least in the case of tailoring BSLA for improved 
resistance towards 15 vol% [C4mim][TfO]). 
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Chapter II: Ionic liquid activated Bacillus subtilis lipase A variants 
through cooperative surface substitutions 
This chapter is divided into three parts. In section II.1, BSLA was tailored for 
improved resistance towards ILs by directed protein evolution. The identified IL-
resistant variants and the derived single or double variants were expressed and 
purified. In section II.2, the specific activities and resistance of purified BSLA wild-
type and variants were studied in five IL-aqueous mixtures. In section II.3, the re-
activation of lipase variant M1 (M134N/N138S/L140S) at high IL concentration was 
investigated and explained. 
II.1 Directed BSLA evolution for improved ionic liquid resistance  
II.1.1 MTP-based screening system 
Figure 34 shows the resistance of BSLA wild-type (supernatant of culture) as a 
function of [C4mim][TfO] concentration. The [C4mim][TfO] concentration which results 
in 30% to 40% of resistance for wild-type was used in screening. As a result, 9 vol% 
(0.4 M) of [C4mim][TfO], yielding 31% of resistance for wild-type, was used for the 
following screening in 96-well MTP.  
 
Figure 34 Resistance of BSLA wild-type (supernatant of culture) at varied concentrations of 
[C4mim][TfO]. Taken from (Zhao et al. 2015). 
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The coefficient of variation is an important performance criterion for a screening 
system to determine its accuracy. The assay conditions in this study resulted in a 
true coefficient of variation of 14% in buffer and 9 vol% [C4mim][TfO] (Figure 35).  
 
 
Figure 35 Activity values of a 96-well plate assay with BSLA wild-type in buffer (a) and 9 vol% 
[C4mim][TfO] (b) in descending order of pNPB conversion, which was quantified through p-
nitrophenol formation by using the colorimetric detection system. The apparent coefficient of 
variation was calculated without subtracting the background, and the true coefficient of 
variation was calculated after background subtraction. Taken from (Zhao et al. 2015). 
II.1.2 Directed BSLA evolution and screening results 
Figure 36 shows the directed BSLA evolution strategy used in this study. First, two 
rounds of random mutagenesis campaigns were performed to improve BSLA 
resistance towards 9 vol% [C4mim][TfO]. In the first round of evolution, three random 
mutagenesis libraries of bsla (epPCR-low, epPCR-high and SeSaM-Tv P/P) which 
previously constructed (see Chapter I) were screened (~1000 active clones per 
library). As a result, four improved BSLA variants (variant 1: N138R; variant 2: 
F58Y/L140S; variant 3: A132S/L140S/N181S; variant 4: Q29R/M134R/G155E) which 
exhibit 1.3–1.9 fold increase in resistance to 9 vol% [C4mim][TfO] were identified 
(Table 14). Three of these improved variants (variants 1, 3 and 4) were identified 
from SeSaM-Tv P/P library which was enriched in transversions and consecutive 
nucleotide mutations (see Chapter I). Variant 2 (F58Y/L140S) was identified from 
epPCR-high library. In the second round of directed evolution, these four improved 
variants were further tailored using epPCR with a high-mutation frequency method 
(Figure 36 and Table 14). Consequently, a variant (V74I/M134K/N138R/G175D) with 
1.9-fold increase in resistance was identified.  
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Figure 36 Overview of the directed BSLA evolution campaign. Two iterative cycles of random 
mutagenesis were performed yielding several improved variants. Asterisks indicate the 
improved variants screened from SeSaM-Tv P/P library (see details in Table 14). Three 
structurally-related “hot-spots” (M134, N138 and L140) were identified. Two multiple site 
saturation mutagenesis (MSSM) libraries, MSSM 138/140 (VDS codon) and MSSM 
134/138/140 (MRW codon), were generated and screened. Taken from (Zhao et al. 2015). 
Table 14 Summary of the amino acid substitutions found in the selected BSLA variants after 
screening random mutagenesis libraries for improved resistance towards 9 vol% 
[C4mim][TfO]. The nucleotide mutations are shown underlined. Taken from (Zhao et al. 2015). 
Variant Library Resistance using 
supernatant (%) 
Codon change  
N138R SeSaM-Tv P/P 170 aataga (N138R) 
F58Y/L140S epPCR-high 190 ttttat (F58Y) 
ttatca (L140S) 
A132S/L140S/N181S SeSaM-Tv P/P 180 gccagc (A132S) 
ttatca (L140S) 
aatagt (N181S) 
Q29R/M134R/G155E SeSaM-Tv P/P 130 cagcgg (Q29R) 
atgagg (M134R) 
ggagaa (G155E) 
V74I/M134K/N138R/G175D 2
nd
 round epPCR-
high (N138R as 
parent) 
190 gtcatc (V74I) 
atgaag (M134K) 
aataga (N138R) 
ggcgac (G175D) 
M1: M134N/N138S/L140S MSSM 
134/138/140 
220 atgaat (M134N) 
aatagt (N138S) 
ttaagt (L140S) 
M2: M134R/L140S MSSM 
134/138/140 
200 atgcga (M134R) 
ttaagt (L140S) 
 
Next, the locations of all observed amino acid substitutions in the five improved 
variants were mapped on the BSLA structure. Three structurally-related positions 
(M134, N138 and L140) were identified as potential mutagenic “hot-spots” (Figure 
37). Interestingly, all three substitutions localize close to substrate-binding cleft; N138 
and L140 are located on a small helix at the entrance of the substrate-binding cleft 
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(Figure 37b), and M134 is situated on the connecting loop and adjacent to the active 
site residue D133.  
 
Figure 37 Locations of structurally-related “hot-spots” highlighted on the crystal structure of 
BSLA (PDB code: 1I6W, chain A). (a) Three catalytic residues (S77, D133 and H156) are 
shown in green spheres, and three substitutions (M134, N138 and L140) in cyan spheres. (b) 
The BSLA surface is colored from hydrophobic (orange) to hydrophilic (blue). The substrate-
binding cleft is indicated by the red arrow. Taken from (Zhao et al. 2015). 
To simultaneously saturate multiple positions, two MSSM libraries (MSSM 138/140 
and MSSM 134/138/140) were generated using QickChange protocol and gel 
electrophoresis analysis of PCR products are shown in Figure 38. Around 1000 
active clones per MSSM library were screened to identify variants with improved 
resistance towards 9 vol% [C4mim][TfO]. After re-screening the candidates in one 
MTP (as least four replicates for one candidate), the two most improved variants M1 
(M134N/N138S/L140S) and M2 (M134R/L140S) with ~2-fold increase in resistance 
were selected for further analysis (Table 14). The single or double BSLA variants 
derived from M1 and M2 (Figure 36) were constructed (pET22b(+) with an N-terminal 
His-tag) as mentioned in section 2.4.3. 
Results and Discussion – Chapter II: Ionic liquid activated Bacillus subtilis lipase A variants 
73 
 
 
Figure 38 Gel electrophoresis analysis of PCR products of MSSM 138/140 (lane 1) and 
MSSM 134/138/140 (lane 2) libraries. M: marker. 
II.1.3 Purification of the BSLA wild-type and variants 
The BSLA wild-type and variants were purified as mentioned in section 2.5.5, and 
their purity was determined using the Experion™ system from Bio-Rad (Figure 39). 
(a) 
 
(b) 
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(c) 
 
Figure 39 BioRad chip analysis of purified BSLA lipases. (a) Simulated gel view of all purified 
lipases; (b) chromatography profile of the protein ladder; (c) chromatography profile of BSLA 
wild-type. The peak of BSLA protein is indicated by the black arrow, and the other three clear 
peaks are system peaks. For the profiles of nine variants are not shown since they are quite 
similar with wild-type. The samples were produced as described in the manufacturer`s 
protocol and ~500 ng purified lipases were loaded each well. S: system peak. (L) Ladder; (1) 
BSLA wild-type; (2) M1; (3) M1.1; (4) M1.2; (5) M1.3 (M2.2); (6) M1.4; (7) M1.5; (8) M1.6; (9) 
M2; (10) M2.1. Taken from (Zhao et al. 2015). 
II.2 Specific activities and resistance of purified BSLA wild-type and 
variants in five ionic liquid-aqueous mixtures 
In this study, five ILs ([C4mim][TfO], [C2mim][TfO], [C4mim]Cl, [C4mim]Br, and 
[C4mim]I) were used, and their structures are shown in Figure 40. Before 
characterization of purified BSLA lipases in IL-aqueous mixtures, two important 
issues needed to be addressed (Zhao et al. 2015): (a) in order to maintain the pH of 
the IL-aqueous mixtures after reaction, the concentration of TEA buffer was doubled 
from 50 mM (used in screening) to 100 mM (in characterization), leading to pH shift 
less than 0.2; (b) the activities of the purified lipases were normalized by subtracting 
the autohydrolysis rate since IL can hydrolyze the substrate pNPB. The specific 
activities and resistance of purified BSLA wild-type and variants in five IL-aqueous 
mixtures are shown and discussed in the following paragraph. Table 15 summarizes 
the identified IL resistant/activated BSLA variants.  
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Figure 40 Structure of the studied ionic liquids. [C4mim]
+
: 1-butyl-3-methylimidazolium; 
[C2mim]
+
: 1-ethyl-3-methylimidazolium; [TfO]
−
: trifluoromethansulfonate. Taken from (Zhao et 
al. 2015). 
Table 15 Summary of the identified ionic liquid resistant/activated BSLA variants. Taken from 
(Zhao et al. 2015). 
Variant Substitution Ionic liquid 
aqueous 
mixture
a
 
Specific 
activity  
(U/mg) 
Resistance 
relative to WT 
(%) 
Wild-type – [C4mim][TfO] 9.4 ± 0.2 100 ± 6 
  [C2mim][TfO] 5.4 ± 0.3 100 ± 10 
  [C4mim]Cl 22.1 ± 1.0 100 ± 11 
  [C4mim]Br 15.4 ± 1.0 100 ± 13 
  [C4mim]I 4.1 ± 0.3 100 ± 11 
M1 M134N/N138S/L140S [C4mim][TfO]  8.9 ± 0.4 190 ± 18 
  [C4mim]I  5.9 ± 0.4 340 ± 42 
M1.1 M134N [C2mim][TfO] 4.5 ± 0.2 200 ± 12 
  [C4mim]Cl 17.3 ± 0.7 170 ± 20 
  [C4mim]Br 11.3 ± 0.2 160 ± 18 
M1.2 N138S [C2mim][TfO] 5.1 ± 0.5 230 ± 28 
M1.3  L140S [C4mim][TfO]  13.0 ± 0.4 200 ± 14 
  [C2mim][TfO]  8.3 ± 0.3 270 ± 19 
M1.4 M134N/N138S [C4mim][TfO] 9.5 ± 0.3 200 ± 15 
M1.5 N138S/L140S [C4mim][TfO] 11.2 ± 0.3 160 ± 10 
M1.6 M134N/L140S [C4mim][TfO] 11.6 ± 0.2 240 ± 11 
  [C2mim][TfO] 5.8 ± 0.3 720 ± 64 
  [C4mim]I 4.3 ± 0.3 350 ± 47 
M2 M134R/L140S [C4mim][TfO]  16.9 ± 0.7 210 ± 19 
  [C2mim][TfO]  10.5 ± 0.2 340 ± 24 
a
The concentration of [C4mim][TfO], [C2mim][TfO], [C4mim]Cl, [C4mim]Br, [C4mim]I aqueous 
solution is 9 vol%, 22 vol%, 30 vol%, 30 vol% and 22 vol%, respectively. 
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II.2.1 Specific activities and resistance of purified BSLA wild-type and 
variants in [C4mim][TfO] 
Figure 41 shows the specific activities and resistance of purified BSLA wild-type and 
variants (M1, M2 and their respective single/double variants) at different [C4mim][TfO] 
concentrations. A typical “bell-shaped” resistance curve was observed for BSLA wild-
type (Figure 41b): the resistance of wild-type was increased to 173% at 3 vol% 
[C4mim][TfO], with elevated [C4mim][TfO] concentrations, the resistance was 
gradually decreased to 28% at 30 vol% [C4mim][TfO].  
Variants M1 and M2 showed enhanced resistance compared to wild-type at all 
studied [C4mim][TfO] concentrations (expect M1 at 15 vol%). For instance, compared 
to wild-type at 9 vol% [C4mim][TfO], M1 and M2 exhibited 1.9-fold and 2.1-fold 
increase in resistance, respectively. This result agrees well with the screening data 
using supernatant of culture (~2-fold). Interestingly, M2 showed much higher specific 
activities (e.g. 16.9 U/mg at 9 vol% [C4mim][TfO]; Figure 41a) relative to M1 (8.9 
U/mg) and wild-type (9.4 U/mg). In addition, variants M1.3 (L140S) and M1.6 
(M134N/L140S) also exhibit higher specific activities and resistance than wild-type at 
most studied [C4mim][TfO] aqueous mixtures. 
(a)  
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(b) 
 
Figure 41 Specific activities (a) and resistance (b) of purified BSLA wild-type and variants in 
varied concentration of [C4mim][TfO]. All values reported are the average of four experimental 
replicates and deviations are calculated from the corresponding mean values. Taken from 
(Zhao et al. 2015). 
II.2.2 Specific activities and resistance of purified BSLA wild-type and 
variants in [C2mim][TfO] 
Figure 42 shows the specific activities and resistance of purified BSLA wild-type and 
variants (M1, M2 and their respective single/double variants) at different [C2mim][TfO] 
concentrations. Interestingly, the resistance curve of BSLA wild-type in [C2mim][TfO] 
was very different from that in [C4mim][TfO]. For wild-type in [C2mim][TfO], resistance 
of wild-type was gradually reduced with elevated [C2mim][TfO] concentrations and no 
clear activation was observed at lower concentrations.  
In comparison to wild-type, M1 has lower resistance and specific activities at almost 
all the studied [C2mim][TfO] concentrations, whereas much higher resistance and 
specific activities (especially at concentrations ≥ 15 vol%) were obtained in the case 
of M2. For instance, M1 and M2 exhibited 1.0-fold and 3.4-fold increase in resistance 
compared to wild-type at 22 vol% [C2mim][TfO]. M2 can tolerate very high 
concentration of [C2mim][TfO], and exhibited 106% of resistance at 30 vol% 
[C2mim][TfO]. Unexpectedly, double variant M1.6 (M134N/L140S) behaved differ with 
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M1 (M134N/N138S/L140S), and its resistance was dramatically increased at high 
[C2mim][TfO] concentrations (e.g. up to ~300% of resistance at 22 vol%). 
 
(a) 
 
 
(b) 
 
Figure 42 Specific activities (a) and resistance (b) of purified BSLA wild-type and variants in 
varied concentration of [C2mim][TfO]. All values reported are the average of four experimental 
replicates and deviations are calculated from the corresponding mean values. Taken from 
(Zhao et al. 2015). 
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II.2.3 Specific activities and resistance of purified BSLA wild-type and 
variants in [C4mim]Cl 
 
Figure 43 shows the specific activities and resistance of purified BSLA wild-type and 
variants (M1, M2 and their respective single/double variants) at different [C4mim]Cl 
concentrations. A “bell-shaped” resistance curve was observed for BSLA wild-type: 
the resistance of wild-type was gradually increased to 157% at 30 vol% [C4mim]Cl, 
and reduced to 77% at 50 vol% [C4mim]Cl.  
Unfortunately, both variants M1 and M2 have lower resistance than wild-type at all 
studied [C4mim]Cl concentrations. However, the single variant M1.1 (M134N) showed 
improved resistance than wild-type (Figure 43b), e.g. 1.7-fold increase in resistance 
at 30 vol% [C4mim]Cl; but its specific activities were still lower than that of wild-type 
at all studied [C4mim]Cl concentrations (Figure 43a). 
 
(a) 
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(b) 
 
Figure 43 Specific activities (a) and resistance (b) of purified BSLA wild-type and variants in 
varied concentration of [C4mim]Cl. All values reported are the average of four experimental 
replicates and deviations are calculated from the corresponding mean values. Taken from 
(Zhao et al. 2015). 
 
II.2.4 Specific activities and resistance of purified BSLA wild-type and 
variants in [C4mim]Br 
 
Figure 44 shows the specific activities and resistance of purified BSLA wild-type and 
variants (M1, M2 and their respective single/double variants) at different [C4mim]Br 
concentrations. A “bell-shaped” resistance curve was observed for BSLA wild-type: 
the resistance of wild-type was increased up to 207% at 20 vol% [C4mim]Br, and 
decreased to 49% at 50 vol% [C4mim]Br.  
Similar to the profiles in [C4mim]Cl, M1 and M2 lost their activities rapidly and showed 
lower resistance than wild-type at all studied [C4mim]Br concentrations. Variant M1.1 
showed higher resistance compared to wild-type, e.g. 1.6-fold at 30 vol% [C4mim]Br. 
Generally, the behavior of all lipases in [C4mim]Br was similar with that in [C4mim]Cl. 
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(a) 
 
 
(b) 
 
Figure 44 Specific activities (a) and resistance (b) of purified BSLA wild-type and variants in 
varied concentration of [C4mim]Br. All values reported are the average of four experimental 
replicates and deviations are calculated from the corresponding mean values. Taken from 
(Zhao et al. 2015). 
II.2.5 Specific activities and resistance of purified BSLA wild-type and 
variants in [C4mim]I 
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Figure 45 shows the specific activities and resistance of purified BSLA wild-type and 
variants (M1, M2 and their respective single/double variants) at different [C4mim]I 
concentrations. A “bell-shaped” resistance curve was observed for BSLA wild-type: 
the resistance of wild-type was increased to 233% at 5 vol% [C4mim]I, and with 
elevated concentrations it was reduced to e.g. 16% at 35 vol% [C4mim]I.  
Interestingly, an unusual resistance profile was observed for M1: within a wide range 
of low [C4mim]I concentrations (5–18 vol%), M1 almost completely lost its activity, 
however, at the concentrations 20–30 vol%, it was dramatically re-activated (e.g. 
~130% of resistance at 20–22 vol%). Analyzing the resistance of single variants 
showed that M1.2 (N138S) and M1.3 (L140S) were slightly activated at 
concentrations above 20 vol% and 18 vol% [C4mim]I; while M1.1 (M134N) was not 
clearly activated. In addition, all three double variants (M1.4: M134N/N138S; M1.5: 
N138S/L140S and M1.6: M134N/L140S) showed only a weak re-activation effect. 
Interestingly, although no “clear” re-activation was found for variant M1.1 (M134N), 
this amino acid substitution could strengthen the de-activation at low (< 18 vol%) and 
re-activation at high [C4mim]I concentrations (> 18 vol%) of M1.5 (N138S/L140S) 
when combining these three substitutions (M1: M134N/N138S/L140S). 
Consequently, the triple variant M1 exhibited the most significant de-activation at low 
(< 18 vol%) and re-activation at high [C4mim]I concentrations (> 18 vol%), suggesting 
cooperative effects between M134N, N138S and L140S. A 3.4-fold increase in 
resistance at 22 vol% [C4mim]I was observed for M1 compared to wild-type. It was 
noticed that similar to M1.6 (M134N/L140S), M2 (M134R/L140S) was also slightly re-
activated at the concentrations above 18 vol% [C4mim]I.  
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(a) 
 
 
(b) 
 
Figure 45 Specific activities (a) and resistance (b) of purified BSLA wild-type and variants in 
varied concentration of [C4mim]I. All values reported are the average of four experimental 
replicates and deviations are calculated from the corresponding mean values. Taken from 
(Zhao et al. 2015). 
II.3 Formation of clusters at high [C4mim]I concentrations 
It was found that triple variant M1 (but not wild-type) was re-activated at the high 
concentrations of [C4mim]I (> 18 vol%), but not at [C4mim]Br or [C4mim]Cl. 
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Considering the re-activation of M1 at ~18 vol% [C4mim]I and the possibility of 
formation of clusters by [C4mim]-based ILs at high concentrations, it is interesting to 
see whether the clusters of [C4mim]I (and at which concentrations) can be formed 
under assay conditions. In this section, electrical conductivity, DLS and MD 
simulation study were performed. 
II.3.1 Electrical conductivity 
As previously mentioned, conductivity assay is one of the most commonly used 
methods to determine the CAC values. Figure 46 shows the CACs of [C4mim]I, 
[C4mim]Br, and [C4mim]Cl aqueous mixtures in the presence of substrate pNPB, 
determined by electrical conductivity. Similar conductivity profiles have been reported 
for other ILs which can form aggregates or micelles in literature (Miskolczy et al. 
2004; Tourne-Peteilh et al. 2011; Wang et al. 2010; Wang et al. 2008; Wang et al. 
2007). 
In the presence of substrate pNPB, the CAC of [C4mim]I, [C4mim]Br, and [C4mim]Cl 
solutions was ~16 vol%, 24 vol%, and 24 vol%, corresponding to 433 mM, 706 mM, 
and 728 mM, respectively. The measured CACs are lower than the values from 
literature (Vaghela et al. 2011) (~697 mM, 722 mM, 950 mM for [C4mim]I, [C4mim]Br, 
and [C4mim]Cl, respectively), which might be due to the different buffer systems, e.g. 
100 mM TEA buffer in this thesis vs. distilled water in literature (Vaghela et al. 2011). 
The determined CAC of [C4mim]I was ~16 vol%, indicating that the clusters of 
[C4mim]I were predominantly present above 16 vol%. The addition of pNPB can 
slightly reduce the CAC of [C4mim]I from 18 vol% to 16 vol%. 
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(a) 
 
(b) 
 
(c) 
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Figure 46 Specific conductivity for [C4mim]I (a), [C4mim]Br (b), and [C4mim]Cl (c) aqueous 
mixtures in the presence of substrate pNPB, and for [C4mim]I aqueous mixtures in the 
presence and absence of pNPB (d). The break point corresponds to the CAC value. The CAC 
of [C4mim]I, [C4mim]Br, and [C4mim]Cl solutions is ~16 vol%, 24 vol%, and 24 vol%, which 
corresponds to 433 mM, 706 mM, and 728 mM, respectively. The CAC of [C4mim]I in the 
presence and absence of pNPB is ~16 and 18 vol%, respectively. Taken from (Zhao et al. 
2015). 
II.3.2 Dynamic light scattering 
DLS measurements were performed to determine the presence as well as size 
of clusters in [C4mim]I, [C4mim]Br, and [C4mim]Cl aqueous mixtures (Figure 
47). Note that the size of IL aggregates/micelles (typically 0.9–3 nm) was 
measured in many studies (Ventura et al. 2012; Wang et al. 2010; Wang et al. 
2008) using Nano-ZS, ZetaSizer from Malvern Instruments (particle size 
detection range 0.3 nm to 10.0 μm), for instance, the size of [C8mim]Br 
aggregates was found to be 1–2 nm (Wang et al. 2008). 
Figure 47a shows that at low [C4mim]I concentration (e.g. 5 vol%), no peak at 
~0.9 nm size range was observed, however, with increased [C4mim]I 
concentrations, the percentage of clusters in the ~0.9 nm size range was 
clearly increased, e.g. up to 97% at 30 vol% [C4mim]I. The size of [C4mim]I 
clusters agrees well with the values from literature (0.9–3 nm as reported for 
other ILs) (Singh et al. 2010; Ventura et al. 2012; Wang et al. 2008). In 
contrast, for [C4mim]Br and [C4mim]Cl (Figures 47b and 47c), although higher 
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occurrence of clusters in the ~0.9 nm size range was also found at higher IL 
concentrations, but the clusters still existed in small portion (only 36% for 40 
vol% [C4mim]Br, and 30% for 40 vol% [C4mim]Cl).  
(a) 
 
(b) 
 
(c) 
 
Figure 47 Particle size distribution for the various [C4mim]I (a), [C4mim]Br (b), and [C4mim]Cl 
(c) aqueous mixtures. The area percentage of the peak at ~0.9 nm for 30 vol% [C4mim]I, 40 
vol% [C4mim]Br, and 40 vol% [C4mim]Cl is 97%, 36% and 30%, respectively. Taken from 
(Zhao et al. 2015). 
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II.3.3 MD simulation 
MD simulations were performed to determine whether [C4mim]I has a higher 
tendency to form clusters at concentration above CAC (e.g. 25 vol%) 
compared to concentration below CAC (e.g. 5 vol%). It is observed that, at 5 
vol% of [C4mim]I, the [C4mim]
+ cations were distributed as free monomers over 
the simulation box, and no “clear” clusters were observed. In the contrast, at 
25 vol% [C4mim]I, [C4mim]
+ ions tend to form small clusters. One example of 
[C4mim]
+ clusters is shown in Figure 48. 
 
 
Figure 48 [C4mim]
+
 clusters observed in MD simulation of 25 vol% [C4mim]I. The last ten 
snapshots of 30 ns MD simulation were analyzed. Polar headgroups are shown in yellow 
stick, and nonpolar alkyl tails are shown in magenta ball. Taken from (Zhao et al. 2015). 
II.4 Discussion 
Two BSLA variants M1 (M134N/N138S/L140S) and M2 (M134R/L140S) with 
~2-fold increase in resistance towards 9 vol% [C4mim][TfO] were identified in 
directed evolution campaigns. Their respective single/double variants and 
BSLA wild-type were purified and characterized with respect to specific 
activities and resistance in various concentrations of five IL-aqueous mixtures 
([C4mim][TfO], [C2mim][TfO], [C4mim]Cl, [C4mim]Br, and [C4mim]I).  
Typical “bell-shaped” resistance profiles were found for BSLA wild-type in all 
studied [C4mim]-based ILs, which has been observed for other enzyme/IL 
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systems (Akbari et al. 2011; Daneshjoo et al. 2011; Yang et al. 2010). The 
activation of lipase at low IL concentrations might be due to the increase in 
substrate solubility, formation of IL/substrate complex or strengthening of the 
enzyme structure. At further increased IL concentrations, the resistance (or 
activity) of lipase is reduced which is likely due to: a) elevated ionic strength of 
the reaction medium might inactivate the enzyme; b) high viscosity of the 
reaction mixture might limit the diffusion of substrates and products (Lou et al. 
2006); c) lower water activity; d) direct interaction between IL ions with 
enzymes, e.g. blocking the active site. 
The specific activities and resistance of lipase were highly dependent on the IL 
types, concentrations and amino acid substitutions. Variants M1 and M2, 
identified from the screening towards 9 vol% [C4mim][TfO], indeed showed 
higher resistance than wild-type at almost all the studied [C4mim][TfO] 
concentrations, but very lower resistance in [C4mim]Cl and [C4mim]Br. The 
different profiles were found between [C4mim][TfO] and [C2mim][TfO]. For 
instance, a “bell-shaped” resistance profile for wild-type was found in 
[C4mim][TfO], but not in [C2mim][TfO]. The situation in [C4mim]I seems to be 
more complex since clear re-activation effect was observed for some variants 
e.g. M1 (not observed for wild-type).  
The observed lipase re-activation at high concentrations of [C4mim]I (> 18 
vol%) was likely related with the presence of [C4mim]I clusters under assay 
conditions (CAC: ~16 vol%). One interesting question is why the re-activation 
of lipase was only observed for some specific variants (e.g. M1), but not for 
BSLA wild-type, since [C4mim]I clusters should be formed in all cases. 
Previous studies (Dwars et al. 2005; Guha and Jaffe 1996) showed that 
hydrophobic compounds may preferentially partition into the micellar phase, 
leading to higher substrate concentration near clusters. Therefore, the activity 
of lipase is expected to be increased if the substrate-binding site preferentially 
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interacts with substrate/IL clusters. Note that BSLA contains no typical “lid” and 
its substrate-binding cleft (width ~0.9 nm) is pre-formed, therefore the 
substitutions M134N, N138S, and L140S could directly change the polarity and 
size/shape of the substrate-binding cleft. Figure 49 shows a model of variant 
M1 (M134N/N138S/L140S) interacting with the mixed pNPB/[C4mim]
+ clusters. 
It suggests that a larger and more polar substrate-binding cleft in M1 would 
allow better accommodation of the mixed pNPB/[C4mim]
+ clusters, and thus 
promote substrate access. The cooperative effect of M134N, N138S, and 
L140S might result in a higher residence probability of [C4mim]
+ cations near 
the substrate-binding cleft, yielding inhibition at medium [C4mim]I 
concentrations (< CAC; cleft blocked by [C4mim]
+ monomers; Figure 50a) and 
activation at higher [C4mim]I concentrations (> CAC; forming substrate/IL 
clusters) (Figure 50b). Thus, the loop (in which three substitutions located) 
near substrate-binding cleft seems to play a crucial role on the lipase-IL 
interactions. 
 
Figure 49 Model of variant M1 activated by [C4mim]I / pNPB clusters. The surface of three 
catalytic residues (S77, D133 and H156) is shown in green, and three substitutions (N134, 
S138, and S140) are shown in cyan. Other residues are colored from hydrophobic (orange) to 
hydrophilic (blue). The orientation of pNPB at the center of substrate-binding cleft is chosen 
based on the crystal structure of BSLA with a ligand (PDB code: 1R4Z). The width of 
substrate-binding cleft of BSLA wild-type is ~ 0.9 nm. Taken from (Zhao et al. 2015). 
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(a) 
 
 
(b) 
 
Figure 50 Model of variant M1 inhibited at [C4mim]I concentrations below critical aggregation 
concentration (CAC) (a) and activated above CAC (b). The cooperative effect of three 
substitutions (M134N, N138S, and L140S) might result in higher residence probability of 
[C4mim]
+
 cations close to the substrate-binding cleft, yielding inhibition at medium [C4mim]I 
concentrations (< CAC; cleft blocked by monomeric [C4mim]
+ 
cations; Figure 50a) and 
activation at higher [C4mim]I concentrations (> CAC; Figure 50b) forming substrate/IL clusters 
(lipases are supposed to be enriched near IL-water interface). Taken from (Zhao et al. 2015). 
Note that, at the IL concentrations above CAC, free [C4mim]
+ monomers 
should be still present. Since wild-type lipases are expected to preferentially 
associate to the interface of water and other phases (e.g. oil or detergent 
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clusters) (Reis et al. 2009; Stamatis et al. 1999; Ventura et al. 2012), therefore 
the triple variant M1 would preferentially contact with polar pNPB/[C4mim]I 
clusters at the [C4mim]I concentrations above CAC (> 18 vol%) due to its 
larger contact interface as compared to monomers, and in turn M1 can be 
activated due to higher substrate concentration near IL/substrate clusters. At IL 
concentrations above 22 vol%, inhibition is again gradually increasing likely 
due to that (a) average size of clusters may become bigger (Figure 47) 
(Goodchild et al., 2007), resulting in less access of mixed pNPB/[C4mim]
+ 
clusters to substrate-binding cleft, and in turn more [C4mim]
+ monomers may 
block the active site; (b) lower water activity and higher viscosity of the reaction 
mixture may limit the diffusion of substrates and products (Lou et al. 2006); (c) 
at very high IL concentrations, fewer substrate molecules are present per 
cluster. 
The clear re-activation effect above CAC was only observed in [C4mim]I 
aqueous mixture, but not for [C4mim]Br and [C4mim]Cl. This might be 
explained by the fact that (a) [C4mim]I is more polarizable and has much lower 
CAC (433 mM vs. 706 mM for [C4mim]Br and 728 mM for [C4mim]Cl; see 
Figure 46); (b) the significant higher percentage of clusters in the ~0.9 nm 
range (97% for 30 vol% [C4mim]I vs. only 36% for 40 vol% [C4mim]Br and 30% 
for 40 vol% [C4mim]Cl; see Figure 47). 
Since it was reported that CaLB can be activated by high concentration of 
[C10mim]Cl (Ventura et al. 2012), therefore the purified CaLB was tested in 
varied concentrations of [C4mim]I. Figure 51 shows that CaLB behaved similar 
to BSLA wild-type, and no “clear” re-activation at IL concentrations > 18 vol% 
was observed. The inhibition is likely due to that CaLB wild-type has a very 
hydrophobic and narrow substrate-binding channel (10 Å × 4 Å) (Figure 52) 
(Uppenberg et al. 1994), yielding easier access of [C4mim]
+ monomers than 
pNPB/[C4mim]
+ clusters. 
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Figure 51 Activities (a) and resistance (b) of purified CalB wild-type in varied concentration of 
[C4mim]I. All values reported are the average of four experimental replicates and deviations 
are calculated from the corresponding mean values. The purified CaLB was kindly supplied by 
Heidi Höck (RWTH Aachen University). Taken from (Zhao et al. 2015). 
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(a) CalB wild-type 
 
(b) BSLA wild-type 
 
 
(c) BSLA M1 variant 
 
Figure 52 Substrate-binding channel of Candida antarctica lipase B (a, PDB: 1TCA), Bacillus 
substiles lipase A wild-type (b, PDB: 1I6W) and variant M1 (c). The surface of active site 
residue S105 (a), or S77 (b and c) is shown in green, and other residues are colored from 
hydrophobic (orange) to hydrophilic (blue). The structure of M1 was generated based on wild-
type (PDB: 1I6W) using YASARA program (http://www.yasara.org/). Taken from (Zhao et al. 
2015). 
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II.5 Conclusions 
One IL-activated (M1: M134N/N138S/L140S) and several IL-resistant BSLA variants 
were identified by screening of random mutagenesis libraries and multiple site 
saturation mutagenesis libraries. The re-activation of M1 at [C4mim]I concentrations 
above CAC was attributed to a cooperative effect of three surface substitutions 
(M134, N138, and L140) near the substrate-binding cleft. In addition, the presence of 
IL/substrate clusters under assay conditions, which demonstrated by electrical 
conductivity and DLS measurements, seems to be related with the re-activation.  
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Chapter III: Unraveling how amino acid substitutions affect lipase 
resistance in an ionic liquid: a molecular dynamics study 
This chapter is divided into two parts. In section III.1, the fifty most resistant BSLA 
single variants towards 15 vol% [C4mim][TfO] experimentally determined by Victorine 
Josiane Frauenkron-Machedjou (Frauenkron-Machedjou et al. 2015) were selected 
for MD simulations in 15 vol% [C4mim][TfO] and water. Ten non-resistant BSLA 
variants were simulated as references. In section III.2, the important properties that 
differentiate the resistant and non-resistant BSLA variants from wild-type have been 
elucidated based on an analysis of MD simulations: a) hydrogen bond network of the 
catalytic triad; b) polarity and shape of substrate-binding cleft; c) protein hydration; d) 
hydrophobic interaction.  
III.1 Selection of resistant and non-resistant BSLA single variants  
A SSM library of bsla which covers the natural diversity at each amino acid position 
(in total 181 aa; 3439 unique single variants) has been previously generated 
(Frauenkron-Machedjou et al. 2015). The resistance of all unique BSLA single 
variants were determined in 15 vol% [C4mim][TfO], and the improved variants were 
identified. In this chapter, 50 most resistant BSLA single variants, which exhibit ≥ 1.5-
fold increase in resistance towards 15 vol% [C4mim][TfO], were selected (see Figure 
53): P5F, P5M, I12Q, I12R, F17V, N18E, K23W, K23I, D34K, D34R, L36P, L36D, 
G46E, T47H, G52D, V54K, R57Y, E65P, M78Q, M78N, A81W, A81R, A81E, T83D, 
L84D, K88R, L90D, D91R, D91W, D91Y, D91M, A97D, T109I, T109E, A132Q, 
A132K, I135R, V136N, M137P, M137H, D144F, G145F, G145Q, R147E, I151E, 
V154H, L159D, V165E, N166E, and S167V. Note that all cysteine variants were 
excluded since they are capable of forming disulfide-linked dimers. In addition, 
another 10 non-resistant BSLA single variants towards 15 vol% [C4mim][TfO], which 
share the same positions with the selected resistant variants, were chosen as 
references (Figure 53): I12F, K23E, D34F, D34L, L36W, G46M, L135F, V136E, 
I151W, and V165K. 
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Figure 53 shows the locations of the selected amino acid substitutions in the BSLA 
wild-type structure (PDB code: 1I6W, chain A), and their properties (e.g. secondary 
structure, location) are summarized in Table 16. It was observed that none of the 
selected substitutions are located in the β-strand except terminal sites. Seventy eight 
percent of substitutions leading to improved resistance are located on the surface 
(solvent accessible surface area > 5%), suggesting that surface residues might play 
an important role in BSLA resistance towards 15 vol% [C4mim][TfO]. Thirty two 
percent of resistant amino acid substitutions are close to the substrate-binding cleft 
(within 4 Å). Furthermore, 58% of resistant substitutions become more hydrophilic 
relative to the original amino acids, whereas 20% for non-resistant substitutions. This 
reveals that hydrophilic residues might be favorable for BSLA resistance towards 15 
vol% [C4mim][TfO].  
 
Figure 53 Locations of the selected amino acid substitutions in the BSLA wild-type structure 
(PDB code: 1I6W, chain A). The side chains of the catalytic triad (S77, D133 and H156) and 
selected positions (P5, I12, F17, N18, K23, D34, L36, G46, T47, G52, V54, R57, E65, M78, 
A81, T83, L84, K88, L90, D91, A97, T109, A132, I135, V136, M137, D144, G145, R147, I151, 
V154, L159, V165, N166, and S167) are represented in red and cyan stick, respectively. 
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Table 16 Summary of the properties of the selected resistant and non-resistant BSLA single 
variants. 
Variant 
Secondary 
structure
a
 
Location
b
 
Distance of 
S77 Oγ to Cβ 
of mutated 
residue (Å)
c
 
Minimal distance 
of mutated 
residue to 
substrate-binding 
cleft (Å)
d
 
Hydrophobic 
index 
change
e
 
P5F Coil Buried 23.1 17.0 146 
P5M Coil Buried 23.1 17.6 120 
I12Q Turn Surface 6.0 0.0 -109 
I12R turn Surface 6.0 0.0 -113 
F17V 3/10-helix Surface 15.5 1.4 -24 
N18E 3/10-helix Surface 10.2 0.0 -3 
K23W α-helix Surface 18.6 6.7 120 
K23I α-helix Surface 18.6 7.8 122 
D34K 3/10-helix Surface 27.4 17.8 32 
D34R 3/10-helix Surface 27.4 16.9 41 
L36P 
N-terminal 
β-strand 
Surface 20.4 13.0 -143 
L36D 
N-terminal 
β-strand 
Surface 20.4 12.6 -152 
G46E Coil Surface 27.0 4.1 -31 
T47H Coil Surface 13.6 5.0 -5 
G52D α-helix Buried 20.3 11.1 -55 
V54K α-helix Surface 16.6 11.2 -99 
R57Y α-helix Surface 21.9 15.6 77 
E65P α-helix Surface 28.0 20.0 -15 
M78Q 
N-terminal 
α-helix 
Surface 4.7 0.0 -84 
M78N 
N-terminal 
α-helix 
Surface 4.7 0.0 -102 
A81W α-helix Buried 8.5 2.9 56 
A81R α-helix Buried 8.5 3.0 -55 
A81E α-helix Buried 8.5 3.6 -72 
T83D α-helix Buried 11.9 7.2 -68 
L84D α-helix Buried 13.3 6.9 -152 
K88R α-helix Surface 18.6 6.8 9 
L90D bend Surface 20.2 14.2 -152 
D91R bend Surface 23.9 16.0 41 
D91W bend Surface 23.9 16.0 152 
D91Y bend Surface 23.9 16.6 118 
D91M bend Surface 23.9 17.3 129 
A97D β-strand Surface 23.0 14.8 -96 
T109I Turn Surface 12.8 1.4 86 
T109E Turn Surface 12.8 1.4 -44 
A132Q Turn Surface 14.2 4.6 -51 
A132K Turn Surface 14.2 4.4 -64 
I135R Bend Surface 5.9 0.0 -113 
V136N Bend Surface 5.4 0.0 -104 
M137P Coil Surface 11.1 1.3 -120 
M137H Coil Surface 11.1 1.3 -66 
D144F β-bridge Surface 19.9 8.0 155 
G145F Turn Surface 28.2 11.7 100 
G145Q Turn Surface 28.2 10.8 -10 
R147E 
N-terminal 
β-strand 
Surface 19.7 11.7 -17 
I151E 
C-terminal 
β-strand 
Buried 15.8 7.5 -130 
V154H Coil Surface 13.4 4.5 -68 
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a
 The secondary structure of the mutated residue was defined by DSSP program, and no 
structure was defined as “coil”. 
b
 The surface residue was defined when its accessible surface area was > 5% (using a 
“water” radius of 1.5 Å).  
c
 For Gly, one hydrogen atom was added to Cα, and the distance of second HA atom to S77 
Oγ was determined. The crystal structure of BSLA wild-type (PDB code: 1I6W, chain A) is 
used for analysis. 
d 
The substrate-binding site was defined by the distances of surface atoms in binding cleft 
within 10 Å from S77 Oγ. It includes G11, I12, G13, G14, N18, H76, S77, M78, A105, L108, 
I135, V136, L140, H156, I157, L160 and Y161. The last snapshot of MD simulation of each 
variant in water was used for analysis. 
e
 Hydrophobic index change is calculated by hydrophobic index (mutation) - hydrophobic 
index (wild-type), in which the hydrophobic index of each amino acid at pH 7 is taken from the 
literature (Monera et al. 1995). The values for each amino acid are normalized so that the 
most hydrophobic residue is given a value of 100 relative to glycine. 
MD simulations of the selected fifty most resistant BSLA single variants were 
performed in 15 vol% [C4mim][TfO] and water. Ten non-resistant BSLA single 
variants were simulated as references. The possible mechanisms for the selected 
resistant and non-resistant BSLA variants in 15 vol% [C4mim][TfO] are summarized in 
Table 17. The important properties that differentiate the resistant and non-resistant 
BSLA single variants from wild-type are discussed in the following paragraph. 
  
L159D 3/10-helix Buried 8.9 1.3 -152 
V165E α-helix Buried 13.9 6.0 -107 
N166E α-helix Surface 18.0 6.8 -3 
S167V α-helix Surface 20.9 8.6 81 
Non-resistant BSLA single variants 
I12F Turn Surface 6.0 0.0 1 
K23E α-helix Surface 18.6 7.2 -8 
D34F 3/10-helix Surface 27.4 16.0 155 
D34M 3/10-helix Surface 27.4 15.8 129 
L36W N-terminal 
β-strand 
Surface 20.4 12.3 0 
G46M Coil Surface 27.0 4.0 74 
L135F Bend Surface 5.9 0.0 3 
V136E Bend Surface 5.4 0.0 -107 
I151W C-terminal 
β-strand 
Buried 15.8 8.6 -2 
V165K α-helix Buried 13.9 7.4 -99 
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Table 17 The possible mechanisms for the selected resistant and non-resistant BSLA variants 
in 15 vol% [C4mim][TfO]. 
Resistant 
variant 
Resistance mechanism non-
resistant 
variant 
Non-resistance mechanism 
I12R 
(surface) 
‒ becomes more polar;  
‒ Positively charged 
substrate-binding cleft, 
reducing the probability of 
[C4mim]
+
 near the cleft 
I12F 
(surface) 
‒ Hydrophobic interaction of 
F12 with I135, blocking the 
substrate-binding cleft; 
‒ Accumulation of [C4mim]
+
 
by π-π interaction with 
phenol ring of F12 
K23I 
(surface) 
‒ Stronger hydrophobic 
interaction with 
surrounding nonpolar 
residues, e.g. F19, A20, 
I22, L26, V27, L36 
K23E 
(surface) 
‒ One additional salt-bridge 
E23-R33, rearranging the 
local structure; 
‒ Less interaction with 
surrounding nonpolar 
residues 
D34R 
(surface) 
One additional salt-bridge 
R34-E65 
D34F 
(surface) 
‒ Surface hydrophobic side-
chain; 
‒ Surrounding residues are 
polar, e.g. S32, R33, K35 
D34R 
(surface) 
One additional salt-bridge 
R34-E65 
D34L 
(surface) 
‒ Surface hydrophobic side-
chain; 
‒ Surrounding residues are 
polar, e.g. S32, R33, K35 
L36D 
(surface) 
One additional salt-bridge 
D36-K23 
L36W 
(surface) 
‒ Surface larger hydrophobic 
side-chain;  
‒ Surrounding residues are 
polar, e.g. K23, S32, R33, 
D34, K35, Y37 
G46E 
(surface) 
‒ becomes more polar; 
‒ The loop where E46 
located moved toward the 
substrate-binding cleft, 
yielding more polar cleft 
G46M 
(surface) 
Surface larger hydrophobic 
side-chain 
I135R 
(surface) 
‒ becomes more polar; 
‒ Positively charged 
substrate-binding cleft, 
reducing the probability of 
[C4mim]
+
 near the cleft 
I135F 
(surface) 
‒ Hydrophobic interaction of 
I12 with F135, blocking the 
substrate-binding cleft 
‒ [C4mim]
+
 clustered near 
substrate-binding cleft 
V136N 
(surface) 
‒ One additional H-bond 
N136-S141;  
‒ Substrate-binding cleft 
becomes more polar 
V136E 
(surface) 
H-bond network of active site 
is lost 
I151E 
(Buried) 
One additional H-bond:  
E151-Q164  
I151W 
(Buried) 
‒ H-bond network of active 
site is lost; 
‒ Interaction with surrounding 
IL ions, and π-π interaction of 
W151-H152, changing the 
loop structure where active 
site residue H156 located 
V165E 
(Buried) 
Two additional H-bonds:  
E165-Q164 & E165-S162 
V165K 
(Buried) 
‒ H-bond network of active 
site is lost; 
‒ α-helix structure where 
K165 located was changed 
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III.2 Properties differentiating the resistant and non-resistant BSLA 
single variants from wild-type 
III.2.1 H-bond network of the catalytic triad  
The H-bond network of the catalytic triad (S77, D133 and H156) is essential for BSLA 
function, and the probabilities of two crucial H-bonds (van Pouderoyen et al. 2001), 
(S77-H156) and (D133-H156) (see Figure 54), were analyzed.  
 
Figure 54 The H-bond network of the catalytic triad (PDB code: 1I6W, chain A). The side 
chains of the catalytic triad (S77, D133 and H156) are represented in stick. Two crucial H-
bonds according to the catalytic mechanism (van Pouderoyen et al. 2001): S77-H156 
(hydroxyl oxygen of S77 and imidazole nitrogen of H156), and D133-H156 (carboxylate 
oxygen of D133 and imidazole nitrogen of H156) are shown by red dashed line. 
Figure 55a shows that in comparison to wild-type, all non-resistant variants showed 
similar probability of H-bond (S77-H156) in water, while 40% of them showed 
reduced probability in 15 vol% [C4mim][TfO]. In contrast, the resistant variants (96%) 
also behaved similar to wild-type in water, whereas 36% of them had increased 
probability of H-bond (S77-H156) in 15 vol% [C4mim][TfO]. This clearly demonstrates 
that the strengthened H-bond (S77-H156) contributes to the improvement of BSLA 
resistance towards 15 vol% [C4mim][TfO]. Figure 55b shows that there was no major 
difference between resistant and non-resistant BSLA variants in terms of the 
probability of H-bond (D133-H156). 
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Figure 55 Probabilities of H-bond (S77-H156) (a), and H-bond (D133-H156) (b) for resistant 
and non-resistant BSLA single variants in 15 vol% [C4mim][TfO] and water. The absolute 
values of percentage numbers indicate the fraction of the variants exhibiting more (green), 
more but within wild-type deviation σ (light green), less but within wild-type deviation σ (light 
red), and less (red) probability of H-bond compared to wild-type. 
Take the non-resistant variant I151W, wild-type, and resistant variant I151E for an 
example, and their H-bond networks of catalytic triad are shown in Figure 56. Wild-
type showed similar probabilities of H-bond (S77-H156) (12% vs. 15%) and H-bond 
(D133-H156) (94% vs. 95%) in 15 vol% [C4mim][TfO] (Figure 56b) compared to water 
(Figure 56e). For the non-resistant variant I151W (Figure 56d), the probabilities of H-
bond (S77-H156) (19%) and H-bond (D133-H156) (92%) in water were similar to 
wild-type. However, in 15 vol% [C4mim][TfO] (Figure 56a), the probability of H-bond 
(S77-H156) for I151W was dramatically reduced to only 3%; likely due to the local 
structural change induced by interaction of W151 with surrounding IL ions. In 
contrast, resistant variant I151E not only maintained a good H-bond network of active 
site in 15 vol% [C4mim][TfO] (Figure 56c), but also further stabilized by an additional 
H-bond (W151-Q164) (33% of probability in 15 vol% [C4mim][TfO] vs. 4% in water). 
Results and Discussion – Chapter III: MD simulation of ionic liquid resistant single variants 
103 
 
 
Figure 56 H-bond network of the catalytic triad for non-resistant variant I151W, wild-type, and 
resistant variant I151E in 15 vol% [C4mim][TfO] and water systems. (a) I151W in 15 vol% 
[C4mim][TfO]; (b) wild-type in 15 vol% [C4mim][TfO]; (c) I151E in 15 vol% [C4mim][TfO]; (d) 
I151W in water; (e) wild-type in water; (f) I151E in water. The probabilities of H-bonds, 
calculated over the last 5 ns trajectories from three (four in the case of wild-type) independent 
simulations, are shown besides the dashed line. The structures of last snapshots are shown. 
The ionic liquid ions that are within 5 Å from residue 151 are shown in line. All protein 
orientations are identical to facilitate comparison. 
 
III.2.2 Polarity and shape of substrate-binding cleft  
The activity of an enzyme is highly influenced by the structural integrity of substrate-
binding cleft and its contact with surrounding solvents. Therefore, it is important to 
have a close look at the substrate-binding cleft to identify what happens when the 
enzyme solvated in 15 vol% [C4mim][TfO] and water. The polarity and shape of 
substrate-binding cleft in BSLA wild-type crystal structure is shown in Figure 57. 
Since BSLA has no typical lipase “lid” covering the active site, thus its substrate-
binding cleft is pre-formed and directly exposed to the solvents. A very hydrophobic 
binding cleft which plays an important role in hydrolyzing its natural substrate (e.g. 
hydrophobic acylglycerols) is observed in the structure of BSLA wild-type (Figure 57).  
Results and Discussion – Chapter III: MD simulation of ionic liquid resistant single variants 
104 
 
 
Figure 57 The polarity and shape of substrate-binding cleft in BSLA wild-type structure (PDB 
code: 1I6W, chain A). The surface of catalytic residue S77 is represented by green, and other 
residues are colored from hydrophobic (orange) to hydrophilic (blue). The substrate-binding 
cleft is indicated by the black arrow. 
Take the position 12 which locates near the substrate-binding cleft (Figure 58) for 
example, variant I12F is non-resistant towards 15 vol% [C4mim][TfO], and I12R is IL-
resistant. Figure 58 shows the shape of substrate-binding cleft and spatial distribution 
probabilities of [C4mim]
+ and [TfO]− on the surface of I12F, wild-type, and I12R in 15 
vol% [C4mim][TfO] and water systems. It was observed that there was no major 
difference between all three enzymes in terms of the shape of binding cleft in water 
(Figures 58d to 58f). When wild-type was solvated in 15 vol% [C4mim][TfO] (Figure 
58b), an accumulation of [C4mim]
+ cations at the entrance of the cleft was observed. 
This might explain the reduced activity of wild-type in 15 vol% [C4mim][TfO] 
compared to that in water ((activity of wild-type in IL) / (activity of wild-type in buffer) 
is ~30%), due to the limited access of the hydrophobic substrates. Interestingly, for 
non-resistant variant I12F in 15 vol% [C4mim][TfO] (Figure 58a), the substrate-
binding cleft was completely blocked because of the hydrophobic interaction between 
F12 and I135 on the neighboring loop. In addition, [C4mim]
+ cations were heavily 
clustered around F12 by forming π-π interaction. For resistant variant I12R in 15 
vol% [C4mim][TfO] (Figure 58c), a small area of the enzyme surface around R12 was 
frequently solvated by [TfO]− ions. No IL ions were clearly clustered in the cleft with 
high probability. This suggests that positively charged substrate-binding cleft could 
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reduce the residence probability of [C4mim]
+ close to the cleft, allowing easier access 
of hydrophobic substrate.  
 
Figure 58 Spatial distribution probabilities of [C4mim]
+
 (blue) and [TfO]
−
 (red) on the surface 
of non-resistant variant I12F (a and d), wild-type (b and e), and resistant variant I12R (c and f) 
in 15 vol% [C4mim][TfO] (upper panel) and water systems (lower panel). The molecular 
surface corresponds to the average structure of individual lipase from last 5 ns period. The 
mutated residue 12 and catalytic residue S77 are represented by magenta and green, 
respectively. The isocontours for [C4mim]
+
 and [TfO]
−
 correspond to an isovalue of 5.0. Spatial 
distribution of water is not shown for clarity. All protein orientations are identical and substrate-
binding cleft is at the center of each structure. 
III.2.3 Protein hydration  
Protein hydration is a fundamental aspect in non-aqueous enzymology, since water, 
particularly the water in close contact with the enzyme, determines the structural and 
dynamic properties of the enzymes.  
Figure 59 shows the number of surface water molecules close to the protein surface 
(< 3 Å, Figure 59a) and number of H-bonds between protein and waters (Figure 59b) 
for resistant and non-resistant BSLA variants in water and 15 vol% [C4mim][TfO]. 
There was no major difference in the patterns of surface waters when non-resistant 
and resistant BSLA variants were solvated in water (Figure 59a). However, in 15 
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vol% [C4mim][TfO], 72% of resistant variants retained more surface waters relative to 
wild-type, whereas only 30% in the case of non-resistant variants. This demonstrates 
that resistant variants have a stronger capability to retain surface waters compared to 
non-resistant variants. The trend was also reflected in the number of H-bonds 
between protein and waters (Figure 59b). Therefore, it seems that a certain degree of 
hydration is favorable for BSLA resistance towards 15 vol% [C4mim][TfO]. 
Figure 60 shows the spatial distribution probabilities of water, [C4mim]
+, and [TfO]− on 
the surface of non-resistant variant I151W, wild-type, and resistant variant I151E in 
MD simulations performed in 15 vol% [C4mim][TfO]. Two regions, the mutated 
position 151 and substrate-binding cleft, were focused to illustrate the differences. 
For wild-type, the position I151 was mainly surrounded by water and [TfO]− (Figure 
60b, left column). However, a large area of protein surface near W151 was covered 
by [C4mim]
+ cations (Figure 60a, left column), whereas only water molecules were 
accumulated around E151 (Figure 60c, left column). On the other hand, in 
comparison to wild-type and I151W, resistant variant I151E also showed a higher 
capability to interact with waters around the substrate-binding cleft region (Figure 60, 
right column). This example suggests that resistant variants allow the retention of 
more waters at the enzyme surface (e.g. mutated position) than non-resistant 
variants. 
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Figure 59 Number of surface water molecules within 3 Å from protein surface (a) and number 
of H-bonds between protein and waters (b) for resistant and non-resistant BSLA variants in 15 
vol% [C4mim][TfO] and water systems. The color code is the same as in Figure 55. 
Figure 61 shows the “hot-spot” regions (largest ion concentrations) for distributions of 
[C4mim]
+ and [TfO]− around the BSLA wild-type surface. A clear difference in the 
distribution of anions and cations around the protein was observed. As shown in 
Figure 61a, largest [C4mim]
+ concentrations were observed in the vicinity of 
negatively charged or aromatic residues attributed to the electrostatic or hydrophobic 
interactions. However, [TfO]− anions preferentially clustered near positively charged 
residues by electrostatic interactions (Figure 61b). In addition, the rest of protein 
surface was mainly covered by water molecules. 
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Figure 60 Spatial distribution probabilities of water (cyan), [C4mim]
+
 (blue), and [TfO]
−
 (red) 
on the surface of non-resistant variant I151W (a), wild-type (b), and resistant variant I151E (c) 
in MD simulations performed in 15 vol% [C4mim][TfO]. The molecular surface corresponds to 
the average structure of individual lipase from last 5 ns period. The yellow and green cycles 
indicate the mutated position I151 and substrate-binding cleft, respectively. Each view of the 
enzymes has the identical orientation. The isocontours for water, [C4mim]
+
 and [TfO]
−
 
correspond to an isovalue of 5.0. 
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Figure 61 “Hot-spots” regions (largest ion concentrations) on BSLA wild-type structure for 
[C4mim]
+
 (a) and [TfO]
−
 (b) ions distribution in 15 vol% [C4mim][TfO]. The molecular surface 
corresponds to the average structure of wild-type from last 5 ns period. The surface of 
positively charged, negatively charged and aromatic residues are represented in light blue, 
worm-pink and green, respectively. The isocontours for [C4mim]
+
 (blue) and [TfO]
−
 (red) 
correspond to an isovalue of 5.0. 
III.2.4 Hydrophobic interaction 
Hydrophobic interaction is an important factor for protein folding and stability. It was 
noticed that, the hydrophobic amino acid substitutions, particularly when the mutated 
sites are mainly surrounded by nonpolar residues, are favorable for increasing BSLA 
resistance in 15 vol% [C4mim][TfO]. For instance, variant K23E has lower resistance 
in 15 vol% [C4mim][TfO] relative to wild-type, whereas K23I is a resistant variant. 
Figure 62 shows the interactions involving the mutated position 23 for variant K23E, 
wild-type, and K23I in 15 vol% [C4mim][TfO] and water systems. 
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Figure 62b shows that when wild-type was solvated by 15 vol% [C4mim][TfO], an 
[TfO]− anion formed a H-bond with K23. For variant K23E in 15 vol% [C4mim][TfO] 
(Figure 62a), a salt-bridge E23-R33 with a probability of ~60% was formed (only 
~10% of probability in water; Figure 62d), resulting in rearrangement of the local 
structure where R33 located. In contrast, for variant K23I in water (Figure 62f), 
hydrophobic interaction was found between I23 with the surrounding non-polar 
residues such as M8, I22, L26, V27 and L36. Furthermore, the hydrophobic 
interaction became much stronger when K23I was solvated in 15 vol% [C4mim][TfO] 
(Figure 62c), since there were two more non-polar residues F19 and A20 involving 
the interaction (within 4 Å from I23). 
 
Figure 62 The interactions involving the mutated position 23 for non-resistant variant K23E (a 
and d), wild-type (b and e), and resistant variant K23I (c and f) in 15 vol% [C4mim][TfO] (upper 
panel) and water systems (lower panel). The probability of a salt bridge E23-R33, calculated 
over the last 5 ns trajectories from three independent simulations, was ~60% and ~10% in 15 
vol% [C4mim][TfO] (a) and water (d), respectively. The structures of last snapshots are shown. 
The ionic liquid ions (in a to c) and side-chains of hydrophobic residues (in c and f) within 4 Å 
from position 23 are shown in stick. All protein orientations are identical. 
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III.3 Summary and Conclusion 
In order to shed light on the influence of amino acid substitutions on the protein 
structure and property in ILs on molecular level, 50 most resistant BSLA single 
variants were simulated in 15 vol% [C4mim][TfO] and water. Additionally, 10 non-
resistant BSLA single variants were simulated as references. The identified important 
properties that can differentiate the resistant and non-resistant BSLA variants from 
wild-type are: (a) H-bond network of the catalytic triad; (b) polarity and shape of 
substrate-binding cleft; (c) protein hydration; and (d) hydrophobic interaction. 
By analyzing the two crucial H-bonds in the BSLA active site, (S77-H156) and (D133-
H156), it was found that in comparison to wild-type, non-resistant and resistant BSLA 
variants showed similar probability of H-bond (S77-H156) in water. However, in 15 
vol% [C4mim][TfO], 40% of non-resistant variants showed less probability of H-bond 
(S77-H156), while 36% of resistant variants showed increased probability (Figure 
55). This demonstrates that the strengthened H-bond (S77-H156) is favorable for the 
active BSLA conformation.  
The integrity of substrate-binding cleft is highly related to the active BSLA 
conformation. The positively charged binding cleft like I12R could reduce the 
residence probability of [C4mim]
+ cations near the cleft, allowing easier access of 
hydrophobic substrate and in turn leading to higher activity compared to wild-type. In 
contrast, a large nonpolar substitution like I12F can narrow or block the substrate-
binding cleft through hydrophobic interaction with the neighboring nonpolar loop aa-
positions 134-137 (Figure 58). The resistant variants were also characterized by their 
higher ability to retain the surface water molecules, particularly close to the mutated 
and binding cleft regions (Figures 59 and 60). The distribution of cations and anions 
around the protein surface was clearly different and the largest ion concentrations 
(“hot-spots”) were observed around residues of the opposite charge. In addition, 
cations also preferentially interacted with the aromatic residues (Figure 61). It was 
observed that hydrophobic interaction would be a prominent factor for BSLA 
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resistance in ILs when the mutated position is mainly surrounded by the nonpolar 
residues (Figure 62). 
In summary, several properties that differentiate the non-resistant and resistant BSLA 
variants from wild-type in IL were identified. Special attention has been paid on the 
enzyme active site, substrate-binding cleft and the protein hydration.  
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4. Summary 
In this thesis entitled “Directed evolution and computational analysis of ionic liquid 
resistant lipase variants”, the generated and sampled diversity of three random 
mutagenesis experiments (epPCR with a low and a high mutational frequency, and 
SeSaM-Tv P/P) were statistically analyzed by sequencing 3000 mutations. The IL-
resistant BSLA variants were successfully identified by directed protein evolution. In 
addition, the influence of amino acid substitutions on the BSLA resistance towards an 
IL was elucidated by MD simulation study. 
In Chapter I of the thesis, three random mutagenesis libraries of bsla (epPCR-low, 
epPCR-high, and SeSaM-Tv P/P) were generated, and the transformants were 
randomly selected for sequencing. By analyzing 4000 mutations of epPCR-high 
library, it was found that ~500 mutations have to be sequenced for a valid statistical 
analysis. Therefore, 1000 nucleotide mutations per library (in total 3000 mutations) 
were analyzed to compare the generated and sampled diversity of three random 
mutagenesis libraries (Figure 63). EpPCR-low reflects the commonly used 
mutagenesis conditions in directed evolution experiments (~50% of active clones, 
~1.1 amino acid substitutions per protein). SeSaM-Tv P/P is an advanced protocol 
based on SeSaM-Tv+, in which a higher mutation frequency and lower wild-type 
content could be expected. 
  
Figure 63 Schematic representation of flowchart of Chapter I. The generated and sampled 
diversity of epPCR-low, epPCR-high, and SeSaM-Tv P/P library (1000 mutations per library) 
was analyzed on gene and protein levels. Taken from (Zhao et al. 2014). 
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The average number of amino acid substitutions per protein in epPCR-low, epPCR-
high, and SeSaM-Tv P/P was 1.1, 4.1 and 1.6, respectively. In the epPCR libraries 
transitions were the predominant type of mutations (> 72% of all mutations, Ts/Tv ≥ 
3.0), and around 6-fold more (ATGC) than (GCAT) mutations were found. In 
contrast, a Ts/Tv ratio of 1.2 was determined for SeSaM-Tv P/P, and the occurrence 
of (ATGC) mutations was only doubled than (GCAT) mutations. Among the four 
types of transversions ((ATTA), (ATCG), (GCCG) and (GCTA)), the (ATTA) 
mutations were preferred in epPCR-low (9.8%) and epPCR-high (15.2%), while much 
lower occurrence frequency of (ATCG) mutations (~3.5% in both libraries). In 
SeSaM-Tv P/P library, the (ATCG; 14.1%) and (ATTA; 18.7%) transversions were 
similarly represented. In epPCR libraries, > 82% of all mutations occurred at A- or T-
bases, compared to 71% in SeSaM-Tv P/P library. With the increasing mutation 
frequency of epPCR, the fraction of consecutive nucleotide mutations was increased 
from 0% in epPCR-low to 2.8% in epPCR-high. In contrast, SeSaM-Tv P/P 
significantly differs to epPCR in terms of the occurrence frequency of consecutive 
nucleotide mutations (30.5%) and mutation types (SeSaM-Tv P/P: 42% TsTv, 40% 
TvTs, 9% TvTv; epPCR-high: 43% TsTs, 14% TsTv, 14% DelDel). The fraction of wild-
type protein was 33% in epPCR-low, 2% in epPCR-high, and 13% in SeSaM-Tv P/P 
library. Overall, 71% of sequenced bsla were unique mutated sequences in epPCR-
low, whereas 97% in epPCR-high and 90% in SeSaM-Tv P/P. 
The differences of SeSaM-Tv P/P and epPCR were not only in the mutational 
spectrum, but also in the obtained amino acid substitution patterns. For instance, 
three preferred amino acid substitutions in each mutant library are: epPCR-low, 
(VA), (ND) and (NS); epPCR-high, (NS), (TA), and (ND); SeSaM-Tv P/P, 
(LP), (DA), and (NK). SeSaM-Tv P/P generated a slightly higher fraction of 
distinct amino acid substitutions (35%) and fraction of chemically different amino acid 
substitutions (76%) compared to epPCR-low (25% and 64%) and epPCR-high (26% 
and 69%). Noteworthy, 36% (45 out of 125) of distinct amino acid substitutions found 
in SeSaM-Tv P/P were unobtainable by epPCR-low. In terms of the chemical 
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diversity of the substituted amino acids, less charged (-0.7 vs. +3.5%), more polar 
(+3.2 vs. -0.0%), more aromatic (-8.9 vs. -11.9%), more aliphatic (+4.6 vs. +1.4%) 
and much less special amino acids (-0.1 vs. +5%) were obtained (SeSaM-Tv P/P vs. 
epPCR-low). The differences in the obtained amino acid substitutions by epPCR and 
SeSaM-Tv P/P were also reflected by comparing with a SSM library of bsla which 
covers natural diversity at each amino acid position (181 aa; 3439 unique single 
variants) in terms of BSLA evolution towards 15 vol% [C4mim][TfO]. Among 100 
beneficial positions, 15, 18, and 21 positions would be obtained by epPCR-low, 
epPCR-high and SeSaM-Tv P/P, respectively. In addition, a combination of two 
directed evolution experiments with epPCR and SeSaM-Tv P/P would obtain up to 31 
(out of 100) beneficial positions. 
Chapter II of the thesis focuses on the engineering of BSLA for improved resistance 
towards ILs. Two rounds of random mutagenesis campaigns were performed, and 
the identified improved BSLA variants with ~1.9-fold increase in resistance towards 9 
vol% [C4mim][TfO] were sequenced. Three structurally-related “hot-spots” (M134, 
N138 and L140) which are close to the substrate-binding cleft were finally identified. 
Two MSSM libraries (MSSM 138/140 and MSSM 134/138/140) were generated. After 
screening ~2000 clones, two most improved variants (M1: M134N/N138S/L140S; 
M2: M134R/L140S) with 2.0 to 2.2-fold increase in resistance were obtained. These 
two variants (M1 and M2) and their respective single/double variants were purified for 
characterization in five IL-aqueous mixtures ([C4mim][TfO], [C2mim][TfO], [C4mim]Cl, 
[C4mim]Br, and [C4mim]I). 
The activity and resistance of BSLA was highly dependent on the IL type, 
concentration, and the amino acid substitutions. For instance, both M1 and M2 
showed ~2-fold increase in resistance towards 9 vol% [C4mim][TfO] relative to wild-
type; whereas, 0.4-fold reduction and 3.4-fold increase in resistance towards 22 vol% 
[C2mim][TfO]. Typical “bell-shaped” resistance profiles were observed for wild-type in 
all studied [C4mim]-based ILs. For example, at 5–15 vol% [C4mim]I, wild-type 
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showed > 1.1-fold increase in resistance, while reduced to < 0.6-fold at 
concentrations ≥ 18 vol%. Interestingly, an unusual resistance profile was observed 
for variant M1 in [C4mim]I: at low [C4mim]I concentrations (5–18 vol%), the resistance 
of M1 was almost zero, however the latter was dramatically regained up to ~130% at 
20–22 vol% [C4mim]I (Figure 64).  
 
Figure 64 Resistance of BSLA wild-type (WT) and M1 variant in varied concentration of 
[C4mim]I. All values reported are the average of four experimental replicates and deviations 
are calculated from the corresponding mean values. The [C4mim]
+ 
cations exist in monomers 
at [C4mim]I concentrations < CAC (~16 vol%), and mainly in substrate/[C4mim]
+ 
clusters at 
concentrations > 16 vol%. [C4mim]
+
: ball stick in red head; substrate: in green head. Adapted 
from (Zhao et al. 2015). 
The re-activation of M1 at high [C4mim]I concentration (> 18 vol%) was due to the 
cooperative effect of three surface substitutions (M134N, N138S, and L140S) since 
single variants M1.2 (N138S) and M1.3 (L140S) were only slightly activated at 
concentrations above 20 vol% and 18 vol% [C4mim]I; while no ‘clear’ activation was 
observed for M1.1 (M134N). The CAC of [C4mim]I under assay conditions (in the 
presence of substrate pNPB) was determined to be ~16 vol%, and the re-activation 
of M1 at IL concentrations > 18 vol% suggests the latter might be related with the 
clusters formed by [C4mim]
+/pNPB. The presence and size of [C4mim]I clusters under 
assay conditions was determined by DLS measurements. It was found that, clusters 
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in the 0.6–2.0 nm size range were only dominantly present at higher [C4mim]I 
concentrations (e.g. 22 vol% and 30 vol%) which are above the CAC (~16 vol%). The 
cooperative effect of three substitutions (M134N, N138S, and L140S) results in a 
larger and more polar substrate-binding cleft environment, allowing better 
accommodation of the mixed pNPB/[C4mim]
+ clusters (size ~0.9 nm) and thus 
promote substrate access.  
Chapter III of the thesis reports MD simulations of 50 most resistant BSLA single 
variants (≥ 1.5-fold increase in resistance) in 15 vol% [C4mim][TfO] and water 
systems. As references 10 non-resistant BSLA single variants were also simulated. 
The important factors that differentiate the resistant and non-resistant BSLA single 
variants from wild-type have been elucidated. 
In comparison to wild-type in 15 vol% [C4mim][TfO], 40% of non-resistant BSLA 
variants showed less probability of catalytic H-bond (S77-H156), nevertheless 36% of 
resistant variants showed increased probability (Figure 65a). This clearly 
demonstrates that the strengthen of H-bond (S77-H156) was contributed to the 
improvement of BSLA resistance towards 15 vol% [C4mim][TfO]. The resistant BSLA 
variants showed higher capability to retain the surface water molecules than non-
resistant variants, which can help them to maintain their active conformation like that 
in water (Figure 65b). By analyzing the spatial distribution probabilities of solvent 
molecules on BSLA surface, suggests that the positively charged substrate-binding 
cleft (such as I12R) can enhance BSLA resistance towards 15 vol% [C4mim][TfO], 
which was likely due to the reduced residence probability of [C4mim]
+ cations close to 
the substrate-binding cleft (Figure 65e). In contrast, a large hydrophobic substitution 
like I12F blocked the binding cleft through hydrophobic interaction with the 
neighboring nonpolar loop (Figure 65c). The [C4mim]
+ cations preferentially clustered 
close to negatively charged or aromatic protein residues, and [TfO]− anions tended to 
interact with positively charged protein residues. In addition, hydrophobic interaction 
was found to be a prominent factor for BSLA resistance especially when the mutated 
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position is mainly surrounded by the hydrophobic residues. 
 
Figure 65 Important properties that can differentiate the resistant and non-resistant BSLA 
single variants with wild-type. (a) probabilities of H-bond (S77-H156) in 15 vol% [C4mim][TfO] 
and water. The color code is the same as in Figure 55; (b) number of surface water molecules 
within 3 Å from protein surface; (c) to (e) spatial distribution probabilities of [C4mim]
+
 (blue) 
and [TfO]
−
 (red) on the surface of non-resistant variant I12F (c), wild-type (d), and resistant 
variant I12R (e) in 15 vol% [C4mim][TfO]. The mutated residue 12 and catalytic residue S77 
are represented by magenta and green, respectively. 
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6. Appendix 
 
6.1 List of Abbreviations 
Abbreviation Meaning 
A adenine nucleotide base  
Å  Ångström  
Amp Ampicillin 
ACN Acetonitril 
Br bromide 
BSLA/bsla Bacillus subtilis lipase A 
BSA Bovine serum albumin 
C4mim 1-butyl-3-methyl-imidazolium  
C cytosine nucleotide base  
CAC critical aggregation concentration 
CalB Candida antarctica lipase B 
[Cnmim]
+ 1-alkyl-3-methylimidazolium 
Cl chloride 
DLS dynamic light scattering 
DNA desoxyribonucleic acid  
dNTP deoxyribonucleotide  
E. coli Escherichia coli 
C2mim 1-ethyl-3-methylimidazolium  
epPCR error-prone PCR 
G guanine nucleotide base  
I iodide 
Ibu ibuprofenate 
IL Ionic liquid 
kb kilobases  
kDa kilodalton  
LB lysogeny broth  
RT room temperature 
MAP mutagenesis assistant program 
MD molecular dynamics 
mg milligram 
min minute 
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mix mixture 
MRW degenerated nucleotide triplet 
MSSM multiple site saturation mutagenesis 
MTP microtiter plate 
ng nanogram 
nm nanometer 
No. number 
nt nucleotide 
PCR polymerase chain reaction  
PDB protein data bank 
PLICing phosphorothioate-based ligase-independent gene cloning 
pNPB para-nitrophenyl-butyrate 
RMSD root mean square deviations 
RMSF root mean square fluctuations 
rpm rounds per minute  
SASA solvent accessible surface area 
SDS sodium dodecylsulfate 
SeSaM sequence saturation mutagenesis 
T thymine nucleotide base  
TEA triethanolamine 
TEM transmission electron microscopy 
TfO Trifluoromethanesulfonate  
Tm melting temperature 
Ts transition 
Tv transversion 
U unit 
VDS degenerated nucleotide triplet  
WT wild-type 
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